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   ABSTRACT 

 This chapter gives a general introduction to the book and describes briefl y the context for which the edi-
tors established its contents and explains why certain topics were excluded from it. It covers the main 
raw materials based on vegetable resources, namely (i) wood and its main components: cellulose, lignin, 
hemicelluloses, tannins, rosins and terpenes, as well as species-specifi c constituents, like natural rubber 
and suberin; and (ii) annual plants as sources of starch, vegetable oils, hemicelluloses, mono and disac-
charides and algae. Then, the main animal biomass constituents are briefl y described, with particular 
emphasis on: chitin, chitosan, proteins and cellulose whiskers from molluscs. Finally, bacterial polymers 
such as poly(hydroxyalkanoates) and bacterial cellulose are evoked. For each relevant renewable source, 
this survey alerts the reader to the corresponding chapter in the book. 
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  1.1    THE CONTEXT 

 The biosynthesis of macromolecules through enzymatic, bacterial and chemical polymerizations of specifi c molecular 
structures constitutes a key step in the evolution of living organisms. Natural polymers have therefore been around for 
a very long time and always constituted one of the essential ingredients of sustainability, fi rst and foremost as food, but 
also as shelter, clothing and source of energy. These renewable resources have also played an increasingly important 
role as materials for humanity through their exploitation in a progressively more elaborated fashion. The ever improv-
ing technologies associated with papermaking, textile and wood processing, vegetable oils, starch and gelatin utiliza-
tion, the manufacture of adhesives, etc. represent clear examples of the progressive sophistication with which man has 
made good use of these natural polymers throughout the millennia. Concurrently, natural monomers have been poly-
merized empirically for equally long periods for applications such as coatings, paint and ink setting, leather tanning, etc. 

 The progress of chemistry, associated with the industrial revolution, created a new scope for the preparation of 
novel polymeric materials based on renewable resources, fi rst through the chemical modifi cation of natural poly-
mers from the mid-nineteenth century, which gave rise to the fi rst commercial thermoplastic materials, like cellu-
lose acetate and nitrate and the fi rst elastomers, through the vulcanization of natural rubber. Later, these processes 
were complemented by approaches based on the controlled polymerization of a variety of natural monomers and 
oligomers, including terpenes, polyphenols and rosins. A further development called upon chemical technologies 
which transformed renewable resources to produce novel monomeric species like furfuryl alcohol. 
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 The beginning of the twentieth century witnessed the birth of a novel class of materials, the synthetic polymers 
based on monomers derived from fossil resources, but the progress associated with them was relatively slow up 
to the Second World War and did not affect substantially the production and scope of the naturally based coun-
terparts. Some hybrid materials, arising from the copolymerization between both types of monomers were also 
developed at this stage as in the case of the fi rst alkyd resins. Interestingly, both monomers used in the fi rst pro-
cess to synthesize nylon in the late 1930s were prepared from furfural, an industrial commodity obtained from 
renewable resources, in a joint venture between Quaker Oats and DuPont. 

 The petrochemical boom of the second half of the last century produced a spectacular diversifi cation in the 
structures available through industrial organic chemistry. Among these, monomers played a very signifi cant role, 
as it transpires from the high percentage of such structures represented in the list of the most important chemical 
commodities in world production. The availability of a growing number of cheap chemicals, suitable for the pro-
duction of macromolecular materials, gave birth to  ‘ the plastic age ’ , in which we still live today, with of course 
greatly enhanced quantitative and qualitative features. 

 This prodigious scientifi c and technical upsurge went to the detriment of any substantial progress in the realm 
of polymers from renewable resources. In other words, although these materials never ceased to exist, very modest 
investments were devoted to their development, compared with the astronomical sums invested in petrochemistry. 
As a consequence, although cotton, wool and silk textile are still plentiful, the competition of synthetic fi bres has not 
stopped growing. Likewise, the incidence of natural rubber is very modest today, compared with its synthetic coun-
terparts, not only in relative tonnage, but also in the continuously widening degree of sophistication associated with 
the properties of the latter materials. In virtually all other domains associated with polymeric materials, the present 
contribution of structures derived from renewable resources is very modest and has not played an appreciable role in 
terms of bringing about specifi c functional properties. On the other hand, paper has resisted all attempts to be replaced 
by synthetic polymers, although these have been playing a growing role as bulk and surface additives, albeit without 
modifying the essential constitution of this material, which still relies on the random assembly of cellulose fi bres. 

 We are deeply convinced that this state of affairs has nothing to do with any consideration of relative merits 
associated with the different structures and chemical processes involved in either context. Its origin is instead to be 
found in a purely economic aspect ( i.e . in the enormous difference in investment that favoured petrochemistry for 
the last half century) which was also the period when the chemical industry witnessed its fastest progress ever. The 
choice to fi nance R & D activities in polymers derived from fossil resources in a massive way was to the benefi t of 
the corresponding materials as we know them today. This objective situation, however, does not prove anything 
against the potential interest of alternative counterparts made from renewable resources, simply because no such 
investments were ever made to that effect. 

 Should fossil resources be available for us to exploit for centuries to come, the above arguments would sound like 
a futile exercise in style. Their validity stems precisely and primarily from the very fact that fossil resources are dwin-
dling and becoming progressively more expensive. Furthermore, they are not a commonly shared richness, since their 
global distribution is totally uneven, which implies that certain countries are heavily dependent on others in this respect. 
These problems are of course affecting the energy outlook in the fi rst instance, since some 95 per cent of the fossil 
resources are used as fuel, but the looming crisis will inevitably affect the corresponding chemical industry as well. 

 The purpose of this book is to show, through its attempt to cover, as exhaustively as possible, the wide spectrum 
of materials already potentially available, that renewable resources are perfectly apt to provide as rich variety of 
monomers and polymers as that currently available from petrochemistry. Implicit in this statement is the condition 
that substantial investments should be placed in the future to carry out the required research. 

 All contributors to this volume provided stimulating evidence about the potentials in their own fi eld, but they are 
also aware that their efforts will turn into industrial realities only with the joint intervention of adequately fi nanced 
fundamental and applied research, viz. the implication of both public and private sectors. If, on the one hand, it is 
encouraging to see a very impressive increase in this type of activity worldwide, the situation relative to petrochem-
istry, on the other hand, is still at a very low level of competitiveness. Qualitatively, a change in awareness has indeed 
taken place, parallel to the preoccupation surrounding the energy issues. This book is intended to amplify these prom-
ising initial stirrings by providing very sound examples of what can be achieved thanks to this alternative strategy. 

 Renewable resources are intrinsically valuable in this realm because of their ubiquitous character, which gives 
any society precious elements of sustainability, including with respect to polymeric materials. In all the topics 
covered by this book, emphasis is made, explicitly or implicitly, to the essential fact that the specifi c sources uti-
lized for the purpose of producing new polymers, are taken neither from food, nor from natural materials, but 
instead from by-products  of agricultural, forestry, husbandry and marine activities. One of the best examples of 
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this strategy is the production of furfural, since it can be carried out industrially virtually anywhere in the world 
(see Chapter 6), given the fact that any vegetable by-product containing pentoses represents an excellent raw mate-
rial for its synthesis. 

 The term  ‘ renewable resource ’ , as used in this book, is defi ned as any animal or vegetable species which is 
exploited without endangering its survival and which is renewed by biological (short term) instead of geochemical 
(very long term) activities.  

  1.2    VEGETABLE RESOURCES 

 It is estimated that the world vegetable biomass amounts to about 10 13  tons and that solar energy renews about 
3 per cent of it per annum. Given its fundamental role in the maintenance of the oxygen level, the principle of 
sustainability limits its exploitation at most to that renewed percentage. With respect to the scope of this book, 
vegetable biomass can be divided into wood, annual plants and algae. 

  1.2.1     Wood 

 Wood is the most abundant representative of the vegetable realm and constitutes the paradigm of a composite mater-
ial. It displays, on the one hand, a basic universal qualitative composition in terms of its major constituents (cellulose, 
lignin, hemicelluloses and polyphenols) and, on the other hand, species-specifi c components which can be polymeric, 
like poly-isoprene (natural rubber) and suberin, or small molecules, like terpenes, steroids, etc. An example of its 
morphology is shown in  Fig. 1.1   , which illustrates the role of the three basic components respectively as the matrix 
(lignin), the reinforcing elements (cellulose fi bres) and the interfacial compatibilizer (hemicelluloses). The mid-
dle lamella (0.5–2       μm) is mainly composed of lignin (70 per cent), associated with small amounts of hemicelluloses, 
pectins and cellulose. The primary wall, often hard to distinguish from the middle lamella, is very thin (30–100        nm) 
and is composed of lignins (50 per cent), pectins and hemicelluloses. The secondary wall is the main part of the vege-
tal fi bres. Its essential component is cellulose and it bears three layers, viz .  the external, S 1  (100–200        nm), the central 
S2  (the thickest layer of 0.5–8       μm) and the internal or tertiary layer, S 3  (70–100        nm) situated close to the lumen. 

 Wood is the structural aerial component of trees. The rest of their anatomy, namely roots, leaves, fl owers and 
fruits, are not relevant to the aim of this book, and will therefore not be dealt with. 

 Cellulose dominates the wood composition, although its proportion with respect to the other main components 
can vary appreciably from species to species. Conversely, polyphenols are the least abundant components and 
moreover, can exhibit quite different structures. As for lignins and hemicelluloses, their relative abundance and 
their detailed structures are essentially determined by the wood family: softwoods are richer in lignins, whereas 
hardwoods are richer in hemicelluloses. These three basic polymeric components represent fundamental sources 
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 Figure 1.1            Typical morphology of a wood fi bre. 
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of interesting materials and are thoroughly examined in this context, in specifi c chapters of this book, which focus 
their attention on the exploitation of these natural polymers after appropriate chemical treatment, with the aim of 
obtaining novel polymeric materials. The uses of wood itself as a structural material, as a source of furniture or 
fl ake boards and as a raw material in pulping, will not be treated here, because these applications call upon the 
exploitation of this fundamental natural resource through well-established technologies. Obviously, all these proc-
esses undergo regular improvement in their chemistry and engineering, but we deemed that their inclusion in the 
present treaty would have unduly overcharged its contents. The interested reader will fi nd excellent monographs 
on each topic, going from introductory texts to highly specialized books  [1–6] . 

 The only area in which wood-related materials is witnessing important research contributions, concerns its 
physical and chemical modifi cation, in order to protect it against degradation by various reagents or to obtain 
novel properties such as a thermoplastic behaviour. These aspects are treated in Chapter 20. 

 Similar considerations determined our decision not to include here chapters on the traditional uses of cellulose, 
like papermaking and cotton textiles, whose technologies are very thoroughly documented  [7–10] . As for those 
cellulose derivatives which have been exploited for a very long time, like some cellulose esters and ethers, they 
will be dealt with in the appropriate chapter (Chapter 16), but again without a systematic treatment of the corres-
ponding processes and properties [11–13] . 

  1.2.1.1       Cellulose 

 Virtually all the natural manifestations of cellulose are in the form of semi-crystalline fi bres whose morphology 
and aspect ratio can vary greatly from species to species, as shown in  Fig. 1.2   . The subunits of each individual 
fi bre are the microfi brils which in turn are made up of highly regular macromolecular strands bearing the cellobi-
ose monomer unit, as shown in  Fig. 1.3   . 

 The interest of cellulose as a source of novel materials is refl ected in this book through four chapters dealing, 
respectively, with (i) the chemical bulk modifi cation for the preparation of original macromolecular derivatives 
with specifi c functional properties (Chapter 16); (ii) the surface modifi cation of cellulose fi bres in view of their 
use as reinforcing elements in composite materials and as high-tech components (Chapter 18); (iii) the processing 
and characterization of these composites, including the use of nano fi bres (Chapter 19) and (iv) the technology 
and applications associated with bacterial cellulose (Chapter 17). These contributions clearly show that cellulose, 
the most abundant and historically the most thoroughly exploited natural polymer, still provides new stimulating 
avenues of valorization in materials science and technology.  

  1.2.1.2       Lignins 

 Lignin, the amorphous matrix of wood, is characterized by a highly irregular structure compared with that of cellu-
lose, and is moreover known to vary considerably as a function of wood family ( in situ ) and of the isolation process, 
which always involves a depolymerization mechanism.  Figure 1.4    gives a typical example of the structure of a lignin 
macromolecule with its most characteristic building blocks. The pulping technology which calls upon a delignifi cation 
mechanism based on the use of sulphites, yields lignin fragments bearing sulphonate moieties ( i.e . polyelectrolytes). 

 Figure 1.2        Cotton, pine and fi r fi bres.    
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 Traditionally, the aim of separating the wood components has been associated with papermaking, in which 
delignifi cation isolates the cellulose fi bres. In this context, the dissolved lignins have been utilized as fuel, which 
provides not only the energy required by the process, but also a convenient way of recovering its inorganic 
catalysts.

 The idea of using these lignin fragments as macromonomers for the synthesis of polymers, by introducing them 
into formaldehyde-based wood resins, or by exploiting their ubiquitous aliphatic and phenolic hydroxyl groups, 
began to be explored only in the last quarter of the twentieth century. Given the fact that these industrial oligomers 
are produced in colossal amounts, it seems reasonable to envisage that a small proportion could be isolated for 
the purpose of producing new polymers, without affecting their basic use as fuel. Additionally, novel papermak-
ing technologies, like the organosolv processes and biomass refi nery approaches, like steam explosion, provide 
lignin fragments without the need of their use as a source of energy and with more accessible structures, in terms 
of lower molecular weights and higher solubility. Therefore, lignin macromonomers represent today a particularly 
promising source of novel materials based on renewable resources. 

 Three chapters are entirely devoted to lignin, covering (i) sources, structure and properties (Chapter 9), 
(ii) industrial processes and applications (Chapter 10) and (iii) their physical or chemical incorporation into novel 
macromolecular materials (Chapter 11). Moreover, its oxypropylation and the interest of the ensuing polyols are 
discussed in Chapter 12 and the properties of lignosulphonates as polyelectrolytes are dealt with in Chapter 24.  
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 Figure 1.3        Schematic view of the components of cellulose fi bre.    
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  1.2.1.3       Hemicelluloses 

 Wood hemicelluloses are polysaccharides characterized by a relative macromolecular irregularity, compared with 
the structure of cellulose, both in terms of the presence of more than one monomer unit and by the possibility of 
chain branching.  Figure 1.5    gives typical examples of such structures. 

 In papermaking processes, part of the wood hemicelluloses remain associated with the cellulose fi bres, which 
results in the improvement of certain properties of the fi nal material. The rest of these polysaccharides is dis- 
solved together with lignin and in most processes it is burned with it. In some instances, however, particularly in 
the case of organosolv pulping or steam explosion technologies, the hemicelluloses can be recuperated as such. 
The utilization of wood hemicelluloses, but also of counterparts extracted from annual plants, has interested sev-
eral industrial sectors for a long time, in particular that of food additives. In recent years, new possible outlets for 
hemicelluloses have been and are being explored, as discussed in Chapter 13.  

  1.2.1.4       Natural rubber 

 Turning now to more species-specifi c components, natural rubber is certainly one of the most important representa-
tives. Different tropical trees produce different forms of poly(1,4-isoprene), which are exuded or extracted as an aque-
ous emulsion (latex) or as a sap-like dispersion, before coagulation. The  cis -form of the polymer ( Fig. 1.6(a)   ) tends to 
be amorphous and has a glass transition temperature of about � 70°C, which makes it ideally suitable for application
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as elastomers, following chemical crosslinking (vulcanization) which involves some of its C��C insaturations. Its world
production in 2004 was estimated at about 8 million tons. The  trans -form ( Fig. 1.6(b) ), called  gutta percha  or 
balata, readily crystallizes forming rigid materials melting at about 70°C. As in the case of papermaking and cotton
textile, the extraction and processing technology of these valuable natural polymers, as well as the preparation 
and optimization of their corresponding materials, represent a well-established and well-documented know-how 
 [14]  and is therefore not treated in this book. Examples of interesting recent contributions to the biosynthesis  [15]
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 Figure 1.5        Three typical hemicellulose structures.    

 Figure 1.6        The two main structures of poly(1,4-isoprene) in natural rubber: (a) the  cis -form and (b) the  trans -form.
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and chemical modifi cation  [16–18]  of natural rubber are available. Moreover, the use of natural rubber in blends 
with other biopolymers like starch and lignins are discussed in the corresponding chapters. 

  1.2.1.5       Suberin 

 The other macromolecule found only in certain wood species is suberin. This non-linear polyester contains very 
long aliphatic moieties which impart a characteristic hydrophobic feature to the natural material that contains it. 
 Figure 1.7    shows a schematic structure of suberin. By far the most representative species containing this polymer 
in its very thick bark (the well-known cork) is  Quercus suber , which grows in the Mediterranean area, but Nordic 
woods like birch, also have a thin fi lm of suberin coating their trunks. The sources of suberin, as well as the corre-
sponding structure and composition are described in Chapter 14, together with the use of its monomeric compon-
ents for the synthesis of novel macromolecular materials.  

  1.2.1.6       Tannins 

 Among the polyphenols present in the tree barks, tannins are by far the most interesting oligomers (molecular 
weights of 1       000–4       000) in terms of their utilization as macromonomers for the crosslinking of proteins in leather 
(tanning) and for macromolecular syntheses. The two representative structures of the fl avonoid units in tannins are 
shown in  Fig. 1.8   . The most salient aspects related to the sources, structures and production of tannins and to their 
exploitation in polymer modifi cation and manufacture are given in Chapter 8.  

  1.2.1.7       Wood resins 

 A number of resinous materials are secreted by trees. Their molecular weights are low (a few hundreds to a few thou-
sands), hence a low melt viscosity, but their glass transition temperature can be as high as 100°C. Rosins (extracted 

O

O

O

O

O

H3CO

O

O

OH

O

O

O

H3CO

OH

O

O

OH

OCH3

O

O

O

O

O

18

7 7 21

7

7

7

7

 Figure 1.7        A schematic representation of the structure of suberin.    
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from pine trees) are the most important representative of this family. They are made up of a mixture of unsaturated 
polycyclic carboxylic acids of which, abietic acid ( Fig. 1.9   ) is the major representative. A detailed description of the 
sources, extraction, structures and chemical modifi cation of these substances is given in Chapter 4, together with 
their use as sources of polymeric materials. 

  1.2.1.8       Terpenes 

 Apart from all these natural polymers and oligomers, either general or specifi c wood components, certain trees also 
produce monomers in the form of terpenes which are unsaturated cyclic hydrocarbons of general formula (C 5 H 8 ) n , 
with n  mostly equal to 2.  Figure 1.10    shows typical representatives of such compounds. Chapter 2 is devoted to the 
description of the sources of these monomers, their relative abundance and their polymerization. 

 Numerous other interesting molecules are found in the different elements of the tree anatomy, which fi nd spe-
cifi c uses as a function of their structure ( e.g . as medicines, cosmetics, dyestuffs, etc.), but which are not exploit-
able in polymer synthesis. These valuable compounds have been the object of much (still ongoing) research and 
development  [19]  which falls outside the scope of this book. 

  1.2.2     Annual plants 

 The term annual plant is used here to defi ne plants and crops with a typical yearly turnover, but includes also spe-
cies with shorter or longer cycles. The primary interest of annual plants, which have been optimized by human 
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selection throughout the ages, is the production of food. Nevertheless, man has also exploited their residues for 
different purposes, including shelter, clothing, etc. In a complementary vein, annual plants have also been grown 
for the production of medicines, dyestuffs and cosmetics. In the framework of this book, attention will be focused 
on two different types of raw material, namely the fi brous morphologies of their basic structure and the substances 
they produce. Concerning the former, the lignocellulosic fi bres of most plant stems fall into the same category as 
their wood counterpart and will therefore be discussed in the chapters devoted to cellulose. As for cotton ( i.e . pure 
cellulose fi bres annually produced by the corresponding plants) its traditional uses in textile, pharmaceutical aids, 
etc. refl ect well-established and well-documented technologies, with little relevance to the primary scope of this 
book, as already pointed out in the case of papermaking and natural rubber technologies. 

 The relevant contribution of the output of annual plants to the realm of polymer synthesis and applications 
stems, instead, from some specifi c products, namely starch as a polymer, vegetable oils as triglyceride oligomers 
and hemicelluloses and monosaccharides as potential monomers or precursors to furan derivatives. 

  1.2.2.1       Starch 

 Starch is an extremely abundant edible polysaccharide present in a wide variety of tubers and cereal grains. In most 
of its manifestations, it is composed of two macromolecules bearing the same structural units, 1,4- D -glucopyran-
ose, in linear (amylose,  Fig. 11(a)   ) and highly branched architectures (amylopectin,  Fig. 11(b) ), present in different 
proportions according to the species that produces it. The utilization of starch or its derivatives for the production 
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 Figure 1.12        The basic structure of triglycerides.    

of adhesives, or as wet-end additives in papermaking, constitute traditional applications to which a variety of novel 
materials, including plasticized starch, blends and composites, have been recently added, as discussed in Chapter 15. 

  1.2.2.2       Vegetable oils 

 Vegetable triglycerides are among the fi rst renewable resources exploited by man primarily in coating applications 
( ‘ drying oils ’ ), because their unsaturated varieties polymerize as thin fi lms in the presence of atmospheric oxygen. 
This property has been exploited empirically for millennia and has received much scientifi c and technological 
attention in the last few decades. These oils are extracted from the seeds or fruits of a variety of annual plants, 
mostly for human consumption. Within their general structure, consisting of glycerol esterifi ed by three long-chain 
aliphatic acids ( Fig. 1.12   ) bearing variable number of carbon atoms, the most relevant difference is undoubtedly 
the number of C��C insaturations borne by the chains, but other more peculiar features are also encountered (e.g. 
hydroxyl moieties). Their essential role as components of paints and inks constitute the most important application 
for the elaboration of materials. This traditional technology is presently being updated through research aimed at 
modifying the pristine structure of the oils in order to enhance their reactivity, particularly in the realm of photo-
sensitive coatings, and thus render them competitive with respect to petroleum-based counterparts, like acrylic 
resins. Chapter 3 covers this reviving area of material science applied to renewable resources. 

 This chapter deals comprehensively with both triglycerides and fatty acids as sources of novel polymeric 
materials, but does not cover the growing interest in glycerol and its chemical transformation into other useful 
chemicals. This topic has been recently reviewed  [20–22]  and Chapter 7 discusses the interest of glycerol in the 
synthesis of surfactants derived from triglycerides.  

  1.2.2.3       Hemicelluloses 

 Annual plants produce a rich selection of hemicelluloses, often with quite different structures compared with those 
found in woods, although of course the basic chemical features are always those of polysaccharides. It follows that 
specifi c applications are associated with these different structural features, notably as food additives. The presence 
of charged monomer units is one of the most exploited characteristics, because of the ensuing rheological sensitiv-
ity to physical parameters. The properties and applications of plant and seaweed hemicelluloses are dealt with in 
Chapters 13 and 24, the latter dealing with the specifi c features related to polyelectrolytes. 

 In a different vein, plants rich in C5 hemicelluloses and more specifi cally xylans, are excellent raw materials for 
the production of furfural ( Fig. 1.13   ). This simple technology, developed more than a century ago, has been applied to 
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a whole host of annual plant residues, after the extraction of their food component, ranging from corn cobs, rice halls 
and sugar cane bagasse to olive husks. The industrial production of furfural is therefore possible in any country and 
indeed implemented in many of them, because of the wide variety of biomass containing its precursor and represents
a beautiful example of the exploitation of renewable resources using a readily implemented and cheap process. 

 The use of furfural as such, as well as its transformation into a variety of furan monomers is discussed in 
Chapter 6 together with the synthesis and properties of the corresponding macromolecular materials. 

 Another possible exploitation of annual plant residues, after the separation of their foodstuff, is their conversion 
into polyols by oxypropylation. In this context, the whole of the residue is involved in the transformation, providing 
a convenient and ecological source of macromonomers. A typical example of this strategy is described in Chapter 
12, in the case of sugar beet pulp, which is poor in xylans and cannot therefore be considered as a possible source of 
furfural. 

  1.2.2.4       Mono and disaccharides 

 The traditional use of some of the most important mono and disaccharides as sweeteners, whether energetic or not, 
is of course outside the scope of this book. The interest in using this family of compounds, produced by different 
annual plants, as precursors to novel materials, has increased considerably in recent years, mostly in three different 
directions, viz. (i) the conversion of fructose to hydroxymethyl furfural ( Fig. 1.14   ), (ii) the synthesis of polyconden-
sation materials using sugars as comonomers and (iii) the preparation of surfactants based on renewable resources. 

 Hydroxymethyl furfural is the other fi rst generation furan derivative readily obtained from hexoses (C6 sac-
charides) [22] . Its role as a precursor to a large spectrum of monomers and the interest of the ensuing polymers 
constitute the topics of Chapter 6, complementary to those relative to furfural. 

 The synthesis of novel polymers, mostly polyesters and polyurethanes, based on mono and disaccharides ( Fig. 1.15   ),
together with their properties and possible applications, are described in Chapter 5. 

 A large section of Chapter 7 is devoted to the preparation of green surfactants based on sugars ( Fig. 1.16   ). The 
inclusion of the topic of surfactants from renewable resources in this book stems from the fact that these com-
pounds can play decisive roles in the synthesis, the processing and the application of polymers and must therefore 
be considered as an integral part of polymer science and technology. 
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 Figure 1.14        Schematic conversion of fructose into 5-hydroxymethyl furfural.    
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 The fermentation of glucose has opened new avenues in the synthesis of polymers derived from renewable resources, 
with particular emphasis on the exploitation of lactic acid as a monomer. This topic is dealt with in Chapter 21. 

  1.2.3     Algae 

 Marine biomass is also a very interesting source of precursors to materials, both in terms of vegetable and animal 
resources. Polysaccharides derived from certain algae, like alginates, have been exploited for a long time as poly-
electrolyte materials. This family of polymers are included in the contents of Chapter 24. 

  1.3    ANIMAL RESOURCES 

 As in the case of vegetable resources, all the traditional technologies of exploitation of materials derived from the 
animal realm will not receive a detailed treatment in this book. Thus, readers interested in leather  [23] , wool  [24] , 
silk [25] , gelatin  [26] , animal fats and waxes  [27]  and carbon black  [28] , as well as animal-based resins like shel-
lac  [29] , are invited to consult the corresponding monographs quoted here. The reason for these exclusions stems 
from the fact that the processes associated with the production of these materials have not been the object of any 
major qualitative improvement in recent times. 

  1.3.1     Chitin and chitosan 

 Chitin is undoubtedly the most abundant animal polysaccharide on earth. It constitutes the basic element of the 
exo -skeleton of insects and crustaceans, but it is also found in the outer skin of  fungi . Chitin is a regular linear 
polymer whose structure differs from that of cellulose by the presence of  N -methylamide moieties instead of the 
hydroxyl groups at C2 ( Fig. 1.17   ). Given the susceptibility of this function to hydrolysis, chitin often bears a small 
fraction of monomer units in the form of primary amino groups resulting from that chemical modifi cation. 

 Chitin is sparingly soluble even in very polar solvents, because of its high cohesive energy associated with strong 
intermolecular hydrogen bonds (NH�CO), which is also the cause of its lack of melting, because the temperature at 
which this phase change would occur is higher than that of the onset of its chemical degradation, just like with cel-
lulose. It follows that the potential uses of chitin are strongly limited by these obstacles to processing. The possibility 
of exploiting chitin is therefore dependent on its transformation into its deacetylated derivatives through hydrolysis. 
As the proportion of the amide function converted into primary amino groups increases along the macromolecule, the 
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corresponding material becomes progressively more soluble in such simple media as week aqueous acids or polar 
protic solvents. The ideal fully hydrolysed polymer takes the name of chitosan ( Fig. 1.18   ), a term which is in fact 
also attributed to all random copolymers bearing more than about 50 per cent of amino monomer units. 

 Chitosan has become one of the most attractive polymers derived from renewable resources, because it pos-
sesses remarkable properties which fi nd applications in many areas of material science and technology, particu-
larly related to biomaterials and medical aids. It is not exaggerated to talk about the boom of chitosan-related 
research, considering the explosion of scientifi c and technical literature on this polymer, accompanied by the cre-
ation of learned societies and the frequent international meetings covering its progress. Industrial units devoted to 
the extraction of chitin followed by the production of chitosan are springing up throughout the world. The mater-
ials derived from chitin and chitosan are described in Chapter 25.  

  1.3.2     Proteins 

 Because of their highly polar and reactive macromolecular structure, proteins have attracted much attention in 
the last few decades, as possible sources of novel polymeric materials. The details of this activity are discussed in 
Chapter 23. A particularly interesting natural proteinic material is undoubtedly the spider dragline silk, because of 
its extraordinary mechanical properties. Given the obvious diffi culties related to gathering viable amounts of this 
biopolymer, much research is being devoted to its bioengineering production  [30] .

  1.3.3     Cellulose whiskers from molluscs 

 Although cellulose is the supreme example of a  predominantly vegetable  natural polymer, exotic animal species 
are known to produce this polysaccharide and, more particularly, some of its most regular manifestations. Thus, 
the tunicate mollusc has became the very symbol associated with cellulose whiskers ( i.e . extremely regular nano-
rods with remarkable mechanical and rheo-modifying properties) as described in Chapter 19. 

  1.4    BACTERIAL POLYMERS 

 Although the polymerization induced by bacteria has been known and studied for a long time, the strategy based on 
using this biological activity to actually harvest commercial materials is a relatively recent endeavour. Two specifi c 
instances are prominent in this context, namely the production of poly(hydroxyalkanoates) and the synthesis of 
bacterial cellulose. 

  1.4.1     Poly(hydroxyalkanoates) 

 This family of polyesters and copolyesters ( Fig. 1.19   ) has interested the polymer community both because of their 
remarkable physical properties and biodegradability. Efforts have been actively implemented to improve the econ-
omy of the biotechnological processes used to prepare these materials, so that they can become commercially com-
petitive compared with petroleum-based polymers with similar properties. All these aspects are thoroughly tackled 
in Chapter 22. 
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 Figure 1.18        The main monomer units in chitosan.    
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  1.4.2     Bacterial cellulose 

 Although the chemical structure of bacterial cellulose is identical to that of any other vegetable-based counterpart, 
its fi brous morphology ( Fig. 1.20   ), as obtained directly in its biotechnological production, is unique and conse-
quently the properties associated with this original material are also peculiar and promise very interesting applica-
tions. Details about this futuristic biopolymer are given in Chapter 17. 

  1.5    CONCLUSIONS 

 This book is not the fi rst survey dealing with the interest of natural polymers or materials derived from renewable
resources, since several monographs have been published in recent years  [31–40] , including two excellent reviews 
by Corma et al . covering the transformation of biomass for the production of fuel  [41]  and chemicals  [21]  and 
other recent contributions  [42, 43] . The concept of the biorefi nery  [31, 44]  is explicitly or implicitly at the basis 
of all these treaties, that is, the working hypothesis proposing a rational separation and exploitation of all the 
components of a given natural resource. The other common denominator to many of these collective overviews is 
the biodegradable character of the ensuing material. 

 We have attempted to gather in the present volume what we feel is a more comprehensive collection of mono-
graphs, with the materials science elements as the predominant feature. Of course, both the biorefi nery and the 
biodegradability issues remain essential here, but within the primary focus spelled out in the title ( i.e . ultimately 
the production of macromolecular materials from renewable resources). 

  REFERENCES  

      1.         Fengel D., Wegener G.,  Wood Chemistry Ultrastructure Reactions , Walter de Gruyter, Berlin, 1989; Kennedy J.F., Philips, G.O.,
Williams P.A.,  The Chemistry and Processing of Wood and Plant Fibrous Materials , Woodhead, Cambridge, UK, 1996.      

      2.             Hill     C.A.S.         ,      Wood Modifi cation: Chemical, Thermal and Other Processes          ,  John Wiley  &  Sons, Ltd      ,  Chichester      ,  2006         .       
      3.         Kettunen, P.O., Wood: Structure and properties, Mater. Sci. Found., 2006, Trans Tech Publications Ltd., Uetikon-Zuerich,

2006, pp. 29–30.      
      4.             Rowell     R.M.         ,      Handbook of Wood Chemistry and Wood Composites          ,  CRC Press      ,  Boca Raton      ,  2005         .       
      5.             Gullichsen     J.  ,   Paulapuro     H.         ,      Papermaking Science and Technology          ,  Fapet Oy      ,  Helsinki      ,  1999         ,       Volumes 2 and 3     .

O

O R

HO

H

(   )
x

n

 Figure 1.19        The general formula of poly(hydroxyalkanoates).    

 Figure 1.20        The unique morphology of bacterial cellulose.      



16 The State of the Art, A. Gandini & M.N. Belgacem 

       6.         Roberts J.C.,  Paper Chemistry , 2nd Edition, Chapman  &  Hall, United Kingdom, 1996; Eklund, D. Lindström, T.,  Paper 
Chemistry: An Introduction , DT Paper Science Publications, Grankulla, Finland, 1991.      

       7.             Casey     J.P.         ,      Pulp and Paper Chemistry and Chemical Technology       ,  3rd Edition      ,  John Wiley and Sons      ,  New York      ,  1980         ,      
 Volumes 1–4     .

       8.             Gullichsen     J.  ,   Paulapuro     H.         ,      Papermaking Science and Technology          ,  Fapet Oy      ,  Helsinki      ,  1999,                Volumes 4–10     .
       9.             Wakelyn     P.J.  ,   Bertoniere     N.R.  ,   French     A.D.  ,   Thibodeaux     D.P.  ,   Triplett     B.A.  ,   Rousselle     M.A.  ,   Goynes     W.R. Jr.  ,   Edwards     J.V.  ,

   Hunter     L.  ,   McAlister     D.D.  ,   Gamble     G.R.         ,      Cotton Fibre Chemistry and Technology          ,  CRC Press      ,  Boca Raton      ,  2007         .       
      10.         Ash M., Ash I.,  Handbook of Textile Processing Chemicals , Synapse Information Resources, Endicott, New York, 2001; 

Horrocks A.R., Anand S.C., Handbook of Technical Textiles , Woodhead Publ., Cambridge, UK, 2000.      
      11.             Heinze     T.  ,   Liebert     T.  ,   Koschella     A.         ,      Esterifi cation of Polysaccharides          ,  Springer      ,  Berlin      ,  2006         .       
      12.             Hon     D.N.S.  ,   Shiraishi     N.         ,      Wood and Cellulosic Chemistry          ,  Marcel Dekker Inc.      ,  New York      ,  1992         .       
      13.         Goetze K.,  Synthetic Fibers by the Viscose Process  Springer-Verlag, 1967; Burt T.P., Heathwaite A.L., Trudgill T.S.,  Nitrate: 

Processes, Patterns and Management   , Wiley, Chichester, UK, 1993.      
      14.         Brendan  R.,  Rubber Compounding: Chemistry and Applications , Marcel Dekker Inc., New York, 2004; Parry D.A.D., 

Squire J.M., Fibrous proteins: Coiled-coils, collagen and elastomers,  Adv. Protein Chem .,  70 , 2005, Elsevier, San Diego, 2005.      
      15.             Puskas     J.E.  ,   Gautriaud     E.  ,   Deffi eux     A.  ,   Kennedy     J.P.         ,         Prog. Polym. Sci .       ,   31         ,  2006      ,  533      .       
      16.             Kawahara     S.  ,   Saito     T.         ,         J. Polym. Sci., Part A: Polym. Chem.      ,   44         ,  2006      ,  1561      .       
      17.             Kangwansupamonkon     W.  ,   Gilbert     R.G.  ,   Kiatkamjornwong     S.         ,         Macromol. Chem. Phys.      ,   206         ,  2005      ,  2450      .       
      18.             Jacob     M.  ,   Francis     B.  ,   Varughese     K.T.  ,   Thomas     S.         ,         Macromol. Mater. Eng.      ,   291         ,  2006      ,  1119      .       
      19.             Murzin     D.Y.  ,   Maki-Arvela     P.  ,   Salmi     T.  ,   Holmbom     B.         ,         Chem. Eng. Technol.      ,   30         ,  2007      ,  569      .       
      20.             Pagliaro     M.  ,   Ciriminna     R.  ,   Kimura     H.  ,   Rossi     M.  ,   Della Pina     C.         ,         Angew. Chem. Int. Ed.      ,   46         ,  2007      ,  4434      .       
      21.             Corma     A.  ,   Iborra     S.  ,   Velty     A.         ,         Chem. Rev.      ,   107         ,  2007      ,  2411      .       
      22.             Chheda     J.N.  ,   Huber     G.W.  ,   Dumesic     J.A.         ,         Angew. Chem. Int. Ed.      ,   46         ,  2007      ,  7164;  Behr A., Eilting J., Irawadi K., Leschinski 

J., Lindner F.,  Green Chem. , 10, 2008, 13       .       
      23.             Bienkiewicz     K.J.         ,      Physical Chemistry of Leather Making          ,  Krieger      ,  Melbourne, FL      ,  1983         .       
      24.             Simpson     W.S.  ,   Crawshaw     G.H.         ,      Wool: Science and Technology          ,  Woodhead Publ.      ,  Cambridge, UK      ,  2002         .       
      25.         Scheibel T., Silk, Special Issue of  Appl. Phys. A: Mater. Sci. Process .,  82 , 2006, Springer, Heidelberg, 2006.      
      26.             Schreiber     R.  ,   Gareis     H.         ,      Gelatine Handbook          ,  Wiley-VCH      ,  Weinheim      ,  2007         .       
      27.         Hamilton R.J.,  Waxes: Chemistry, Molecular Biology and Functions , The Oily Press, Dundee, UK 1995; Berger K.G., 

Animal Fats-BSE and After.  Proceedings of a Joint Meeting of the SCI Oils  &  Fats Group and the SCI Food Commodities  &  
Ingredients Group , London, UK, 10 June 1997, PJ Barnes  &  Associates, Bridgewater, UK, 1997.      

      28.             Donnet     J.B.  ,   Bansai     R.C.  ,   Wang     M.J.         ,      Carbon Black: Science and Technology       ,  2nd Edition      ,  Marcel Dekker      ,  New York      , 
 1993         .

      29.             Hicks     E.         ,      Shellac: Its Origin and Applications          ,  MacDonald      ,  London      ,  1962         .       
      30.             Bini     E.  ,   Po Foo     C.W.  ,   Huang     J.  ,   Karageorgiou     V.  ,   Kitchel     B.  ,   Kaplan     D.L.         ,         Biomacromolecules      ,   7         ,  2006      ,  3139      .       
      31.             Kamm     B.  ,   Gruber     P.R.  ,   Kamm     M.         ,      Biorefi neries–Industrial Processes and Products          ,  Wiley VCH      ,  Weinheim      ,  2006         ,       Volumes 

1 and 2.     
      32.         Khemani K., C. Scholz, (Eds.), Degradable polymers and materials: Principles and practice,  ACS Symp. Ser .,  939 , 2006, 

ACS, Washington DC      .
      33.             Fingerman     M.  ,   Nagabhushanam     R.         ,      Biomaterials from Aquatic and Terrestrial Organisms          ,  Science Publishers      ,  Enfi eld, NH      , 

 2006         .
      34.             Im     S.S.  ,   Kim     Y.H.  ,   Yoon     J.S.  ,   Chin     I.J.  (Eds)          ,      Bio-Based Polymers: Recent Progress          ,  2005      ,  Wiley      ,  New York         .       
      35.             Scott     G.         ,      Degradable Polymers, Principles and Applications       ,  2nd Edition      ,  Kluwer Academic      ,  New York      ,  2003         .       
      36.             Steinbüchel     A.  ,   Marchessault     R.H.         ,      Biopolymers for Medical and Pharmaceutical Applications          ,  Wiley      ,  Weinheim      ,  2005         .       
      37.             Stevens     C.V.  ,   Verhé     R.G.         ,      Renewable Bioresources: Scope and Modifi cation for Non-Food Applications          ,  John Wiley  &  

Sons, Ltd      ,  Chichester      ,  2004         .       
      38.             Wool     R.P.  ,   Sun     X.S.         ,      Bio-Based Polymers and Composites          ,  Elsevier      ,  Amsterdam      ,  2005         .       
      39.         Wolf O., Techno-Economic Feasibility of Large-scale Production of Bio-Based Polymers in Europe,  Technical Report EUR 

22103 , European Commission, 2005.      
      40.         Argyropoulos D.S., (Ed.), Materials, chemicals and energy from forest biomass,  ACS Symp. Ser. ,  954 , 2007, ACS, 

Washingon DC.      
      41.             Huber     G.W.  ,   Iborra     S.  ,   Corma     A.         ,         Chem. Rev.      ,   106         ,  2006      ,  4044      .       
      42.             Gallezot     P.         ,         Green Chem.      ,   9         ,  2007      ,  295      .       
      43.             Darder     M.  ,   Aranda     P.  ,   Ruiz-Hitzky     E.         ,         Adv. Mater.      ,   19         ,  2007      ,  1309      .       
      44.             Sanders     J.  ,   Scott     E.  ,   Weusthuis     R.  ,   Mooibroek     H.         ,         Macromol. Biosci.      ,   7         ,  2007      ,  105      .            



                              Terpenes: Major Sources, Properties and Applications 

   Armando J.D.   Silvestre   and     Alessandro   Gandini       

ABSTRACT 

 Turpentine, the volatile fraction of the so-called Naval Stores Industry is a complex mixture, mainly com-
posed of monoterpenes. This chapter begins with a general overview of the major sources of turpentine, 
its composition and classical applications, including a systematic layout of the structure of terpenes. This 
is followed by a detailed discussion of the use of  � - and  � -pinene and other monoterpenes as monomers 
in conventional free radical and cationic homopolymerizations and copolymerizations, the latter involving 
other terpenes, monoterpene alcohols or synthetic monomers. Finally, the living cationic and living radical 
homo- and co-polymerization of � -pinene are thoroughly examined in terms of mechanisms and macro-
molecular structures. Throughout, the properties and possible applications of the materials ensuing from 
each type of system are critically examined. 

 Keywords 

 Turpentine, Monoterpenes,  � -Pinene,  � -Pinene, Cationic polymerization, Radical polymerization, 
Copolymerizations, Living polymerization, Mechanisms, Polymer properties 

  2.1     INTRODUCTION 

 The term  ‘ terpenes ’  refers to one of the vastest families of naturally occurring compounds which bear a common bio-
synthetic pathway, but show enormous structural diversity depending on the number of carbon atoms (normally mul-
tiples of fi ve), the variety of possible biosynthetic isomeric carbon skeletons and the stereochemical confi gurations. 

 Terpenes are secondary metabolites synthesized mainly by plants, but also by a limited number of insects, 
marine micro-organisms and fungi. These compounds were fi rst considered as  ‘ waste ’  products from plant metab-
olism with no specifi c biological role, but later, the involvement of some terpenes as intermediates in relevant 
biosynthetic processes was discovered  [1] . Additionally, it has been well demonstrated that many terpenes play 
important ecological roles [1]  as in plant defence, for example as insect repellents, and in symbiotic mechanisms, 
for example as attractants to specifi c insect species to stimulate cross pollination. 

 Most terpenes share isoprene (2-methyl-1,4-butadiene) as a common carbon skeleton building block. This struc-
tural relationship was identifi ed by Wallach in 1887, who recognized that most terpenic structures result from the 
 ‘ head-to-tail ’  condensation of isoprene units and this became known as the  ‘ isoprene rule ’ . Based on this generic 
rule, terpenes can be classifi ed according to the number of isoprene units ( Table 2.1   ). 

 In the 1950s, Ruzicka proposed the  ‘ biogenic isoprene rule ’  which states that all terpenes can be obtained by 
condensation, cyclization and/or rearrangement of a defi ned number of precursors sharing a common biosynthetic 
pathway  [2] . The key precursor for monoterpenes is geranyl pyrophosphate, which, upon elimination of the pyro-
phosphate moiety, forms a  p -menthane-type carbenium ion. Most common monoterpene skeletons are then derived 
from this carbocation through several rearrangement steps ( Fig. 2.1   ). 
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 Monoterpenes are extraordinarily diverse not only because of the variety of their basic skeletons, but also 
because a large number of stereoisomers are possible given the presence of stereogenic centres in every skeleton, 
and because of the wide variety of oxygenated derivatives (alcohols, aldehydes, ketones and carboxylic acids) that 
can be derived from those basic skeletons. 

 Table 2.1 

   Major groups of terpene compounds 
according to the number of isoprenic units  

 Classifi cation  Isoprene units 

 Hemiterpenes  1 
 Monoterpenes  2 
 Sesquiterpenes  3 
 Diterpenes  4 
 Sesterpenes  5 
 Triterpenes  6 
 Tetraterpenes  8 
 Polyterpenes n

OPPH

Geranyl pyrophosphate

p-Menthane

�-Pinene

3-Carene

�-Pinene

Limonene

OH

Borneol

Camphene

Thujene

 Figure 2.1        General outline of the biosynthetic pathway to the formation of main monoterpene skeletons.    
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 An important feature of monoterpenes (obvious from  Fig. 2.1 ) is the ease with which the basic skeletons can 
interconvert to give rise to any monoterpene (or its derivatives) starting from any abundant precursor. This is one 
of the main reasons why pine turpentine has been used for decades as the most important source of terpenes in a 
vast number of industrial applications. 

 The systematic study of monoterpene chemistry started in the late 19th century, although their use as naturally 
occurring oils, known as  ‘ essential oils ’ , is a millenary activity. Thus for example,  � -pinene rich oils were used 
as solvents by ancient Egyptians and Persians; menthol was used in Japanese medicine 2000 years ago and the 
medicinal use of camphor was reported as early as the 11th century  [1] . The  ‘ essential oil ’  designation fi nds its 
origin in the work of Paracelsus (15th century), who named the active principle of any medicinal substance as 
quinta essentia , and it is now used to designate the volatile terpenic fractions (mainly mono and sesquiterpenes) 
isolated from plants. Finally, these compounds were called terpenes by Kekulé, when he fi rst identifi ed terpene 
structures isolated from ‘ turpentine oil ’  extracted from  Pistacia therebinthus  L. Essential oils are predominantly 
composed of monoterpenes with a smaller fraction of sesquiterpenes. They fi nd a very wide range of applications 
in cosmetics and pharmaceuticals  [3, 4] , insecticides  [5] , polymers  [6]  and other areas  [1, 7] . 

 Considering the aim of this book, only brief mentions will be given to applications other than polymeric materials and 
the discussion will be focused on turpentine, the main source of monoterpenes used as precursors for polymeric materials. 

  2.2     TURPENTINE 

 Turpentine is the common term given to the volatile fraction isolated from pine resin. For historical reasons, pine 
resin was called  ‘ Naval Stores ’ , due to its widespread use in the waterproofi ng of wooden ships. Depending on the 
way pine resin is isolated from wood, three products are distinguished viz. gum naval stores, obtained from tapping 
living trees; sulphate naval stores, recovered during the kraft pulping of pine wood (also known as tall oil resin) and 
wood naval stores, obtained from the solvent extraction of wood after harvesting. Details on the origin, extraction and 
purifi cation of turpentine have been discussed in detail in the classic treatise Naval Stores by Zinkel and Russel  [8] . 

 Turpentine is by far the most widely produced essential oil in the world and consequently the privileged source 
for applications requiring large-scale supplies. The total world turpentine production showed a tendency to decline 
between the 1960s and the 1980s. However, statistics covering the next decade  [9, 10]  show that the turpentine 
production stabilized around 330 000 tons per year, with 70 per cent of the world production as sulphate turpen-
tine, and the rest almost exclusively as gum turpentine  [10, 11] . 

 The turpentine chemical composition is strongly dependent on the tree species and age, geographic location and 
the overall procedure used to isolate it. In general, however, the major components are a few unsaturated hydro-
carbon monoterpenes (C 10 H 16 ) namely,  � -pinene (45–97 per cent) and  � -pinene (0.5–28 per cent) with smaller 
amounts of other monoterpenes ( Fig. 2.2   )  [12] . 

�-Pinene �-Pinene 3-Carene Camphene Tricyclene

Limonene �-Phellandrene Terpinolene p-Cymene �-Terpinene Myrcene

 Figure 2.2        Chemical structures of the most common turpentine monoterpene components.    
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 Turpentine was mainly used as a solvent in the 1940s ( ca.  95 per cent) and only a minor fraction was exploited 
as a raw material for the chemical industry ( ca.  5 per cent). Because of the progressive exploitation of the peculiar 
reactivity of its terpenic components  [1, 12] , these fi gures were completely reversed in the 1980s, with at least 95 
per cent of the turpentine production being employed as Q reagent for the chemical industry  [11, 13] . Historically, 
the most relevant uses of turpentine components as reagents include insecticides, although this application was 
progressively banned from the 1970s  [5] , pine oil production  [7] , fl avours and fragrances and other fi ne chemicals 
 [3, 4]  as well as polyterpene resins  [6, 13] . According to statistics related to the 1980–1990 decade, of the latter 
three applications, pine oil production dominated the turpentine use with 50 per cent, while the other two sectors 
used 25 per cent each. 

 Before dealing with the major topic of this chapter, that is, polymer synthesis, a brief overview of other turpen-
tine applications is given in the following section.  

  2.3     TURPENTINE APPLICATIONS 

  2.3.1     Insecticides from turpentine 

 As mentioned above, the application of turpentine in the insecticide industrial production is no longer relevant  [5] , 
notably in the case of Thanite (isobornyl thiocianoacetate) and Toxaphene (a very complex mixture of chlorinated 
derivatives with an average empirical formula of C 10 H 10 Cl 8 ), both prepared from camphene ( Fig. 2.3   ).  

  2.3.2     Synthetic pine oil from turpentine 

 Synthetic pine oil is prepared by the hydration of  � -pinene with aqueous mineral acids ( Fig. 2.4   ), and is mainly 
used in household cleaning and disinfection products  [7] . The acidic conditions promote the formation of an inter-
mediate carbocation which readily undergoes rearrangement to form predominantly the isomeric  p-menthane car-
bocation, followed by water addition to generate essentially  � -terpineol (Fig. 2.4) and minor amounts of fenchol 
and borneol.  

ClCH2CO2H
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O
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SCN

7 Cl2
C10H10Cl8 � 6 HCl

Thanite

Toxaphene

 Figure 2.3        Examples of insecticides prepared from turpentine components.    
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 Figure 2.4        Conversion of  � -pinene into synthetic pine oil.    
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  2.3.3     Flavours and fragrances from turpentine 

 The use of turpentine in the production of fl avours and fragrances and other fi ne chemicals for bulk commodities 
mainly takes advantage of the thermal or acidic isomerization of the abundant  � - and/or  � -pinenes to produce the 
molecular skeletons of many naturally occurring fragrant chemicals (particularly when their natural sources are 
not abundant) and a wide variety of other fi ne chemicals  [1, 3, 4] . 

 Among the vast number of applications, an important example is the production of the so-called rose alcohols 
from � -pinene, viz. nerol, geraniol and linalool, key intermediates in the synthesis of many major fragrances. This 
process involves the thermal isomerization to myrcene, followed by addition of HCl, substitution by acetate and 
alkaline hydrolysis, as shown in  Fig. 2.5     [3] . 

 Apart from their applications as widespread fragrant raw materials, these terpenic alcohols, together with  � -terpineol,
have also attracted some interest in recent years as comonomers for radical copolymerization, as discussed later 
(Section 2.4.4.3). 

 Pinenes have also been used as feedstock to prepare several linear non-conjugated non-terpenic dienes ( e.g.
3,7-dimethyl-1,6-octa-1,6-diene and 5,7-dimethylocta-1,6-diene) used in the synthesis of elastomeric ethylene–
propylene–diene terpolymers  [14] .

  2.4     POLYMERS FROM TERPENES 

 Abundant terpenes constitute the logical precursors to polyterpenic materials destined for bulk applications. In 
this context, pinenes, readily isolated on an industrial scale from turpentine, are obvious candidates. Although less 
abundant than  � -pinene,  � -pinene is by far the most studied homologue because of the higher reactivity of its exo-
cyclic double bond in cationic polymerization. A considerable number of other monoterpenes have been tested as 
polymer precursors, using different polymerization mechanisms. 

 It is particularly relevant to this chapter and indeed to this book that the very fi rst mention of the synthesis of 
a macromolecular material should have been through the use of a naturally occurring monomer mixture, namely 
turpentine. It was in fact Bishop Watson who reported in 1798 that the addition of a drop of sulphuric acid to 
turpentine produced a sticky resin, but it took another century for chemists to recognize that the properties of this 
material resembled those of natural rubber  [15] . Another half century elapsed before the fi rst systematic studies of 
the polymerization of terpenes, namely myrcene [16]  and  � - and  � -pinene  [17] , were reported. 
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 Figure 2.5        Synthesis of linalol, nerol and geraniol.    
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  2.4.1     Conventional cationic polymerization 

  2.4.1.1        � -Pinene 

 The cationic polymerization of  � -pinene (together with  � -pinene) in toluene was fi rst studied using several Lewis 
acid metal halides like AlCl 3 , AlBr 3  and ZrCl 4 , as initiators  [17] . The high reactivity of the exomethylene double 
bond, the strain release resulting from the opening of the fused cyclobutane ring and the formation of a relatively sta-
ble tertiary carbenium ion are the driving forces of this reaction. The proposed polymerization mechanism ( Fig. 2.6   ) 
involves the formation of a strong proton donor by the reaction of the Lewis acid with adventitious water (cocataly-
sis), followed by the protonation of the pinene molecule, whose ensuing carbenium ion rearranges to form a  p -men-
thane type carbocation responsible for the propagation reaction  [6, 17] . This process is extremely rapid and highly 
exothermic. In order to obtain polymers with viable molecular weights of a few thousand, the polymerization tem-
perature must be particularly low, viz. around  � 40°C  [6, 17] , to reduce the relative kinetic contribution of the trans-
fer reaction with respect to chain propagation ( Fig. 2.6 ), a common feature in the cationic polymerization of aliphatic 
monomers. 

 Very recently, the cationic polymerization of  � -pinene in toluene, using AlCl 3  as the initiator, was shown to 
proceed smoothly and rather rapidly under microwave irradiation  [18] . 

 Other Lewis acid initiators such as SnCl 4 , TiCl 4 , BF 3  and Et 2 AlCl in various solvents and temperature ranges, 
were also studied  [19] , and polymers with Mn values in the range of 720–2 800 were obtained. In this study, it was 
shown that TiCl 4  and Et 2 AlCl were the most effi cient initiators, dichloromethane the best solvent and  � 80°C to 
0°C the most suitable temperature range. 

 Of the numerous classical Lewis acids tested as initiators for the polymerization of  � -pinene, EtAlCl 2  has proved 
by far the most effi cient, particularly in terms of the possibility of preparing polymers with high molecular weights. 
Three studies have tackled this system over the last 15 years  [20–22]  using different strategies, particularly in the 
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Monomers, Polymers and Composites from Renewable Resources, M.N. Belgacem & A. Gandini 23

addition of specifi c bases, including 2,6-di- tert -butylpyridine, with its well-known property of proton trap, incap-
able of reacting with Lewis acids. The most interesting practical outcome of these investigations is associated with 
the attainment of Mn values which are particularly high for this monomer, ranging from 10 000 to 40 000, when 
working at low temperature  [20, 22]  and of a few thousand when working around room temperature  [21] . These 
high-Mn poly( � PIN)s displayed a glass transition temperature of 90°C, which was further increased to 130°C after 
the polymer was hydrogenated  [22] . 

 Finally, the radiation-induced polymerization of  � -pinene has also been studied  [23] . Under extremely dry con-
ditions, molecular weights in the range of 1 700–2 400 were obtained through a mechanism which was adequately 
demonstrated as being cationic in nature.  

  2.4.1.2        � -Pinene 

 Although  � -pinene is readily protonated to form a tertiary carbocation, which can then rearrange to an unsaturated 
p -menthane isomer ( Fig. 2.7   ), the attack of the endocyclic double bond to the isopropenyl cationic site is limited 
by steric hindrance. 

 The fi rst reported study of the cationic polymerization of  � -pinene  [17]  showed indeed that this isomer was 
vastly less reactive than its  � -homologue because of the steric crowding associated with the polymerizable unsat-
uration. Experiments carried out at low temperature using various Lewis acid initiators gave extremely poor 
yields that were maximized only by working at 40°C, with the inevitable drawback of the drastic decrease in the 
 molecular weight of the product, in fact mainly composed of dimeric structures  [17] . An alternative  � -pinene poly-
merization pathway involves the rearrangement of the tertiary pinane carbocation to a saturated secondary bornane 
isomer ( Fig. 2.7 ). Both bornane and  p -menthane repeating units ( Fig. 2.7 ) have been detected in  � -pinene homo- 
and co-polymers. 

 Despite this structural drawback, the fact that  � -pinene is the most abundant turpentine component has spurred 
a considerable amount of research related to its cationic polymerization. Several laboratories have looked into the 
use of an initiating combination involving conventional Lewis acids and SbCl 3  as an activator  [6, 24–28] . 

 When the binary system AlCl 3 /SbCl 3  was used in toluene at  � 15°C, poly( � -pinene)s with Mn of 1 140–1 600 
were obtained  [26, 27] , with negligible proportions of dimers, as opposed to their high contribution in products 
prepared with only AlCl 3 . Interestingly, whereas SbCl 3  seems essential for the optimization of  � -pinene poly-
merization, its role in � -pinene polymerization is rather detrimental in terms of reaction rate and molecular weight 
distribution  [27] . 

� -Pinene can also be polymerized using other aluminium halides (AlBr 3 , AlEtCl 2 ) or other metal halides 
(BF3 
 OEt 2 , SnCl 4 , TiCl 4 , WCl 6 ) in conjunction with SbCl 3   [24] . All these aluminium halides tend to produce lower
poly(� PIN) yields and Mn values (typically about 80 per cent and 700, respectively) when compared to AlCl 3.
The other metal halides were shown to yield high amounts of dimers (20–40 per cent) along with small amounts of 
oligomers [24] . The  1 H-NMR characterization of the polymers obtained with aluminium-based initiators showed 
that the unsaturated p -menthane moiety is the predominant repeating unit (81–95 per cent) with much smaller con-
tributions from saturated bornane counterparts  [24] . 

 The addition of nucleophilic additives, such as esters (ethyl benzoate or ethyl acetate), ethers (ethyl ether and 
1,4-dioxane) and ammonium salts ( n Bu 4 NCl) to the binary polymerization system AlCl 3 /SbCl 3  allowed the  � -pinene
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 Figure 2.7        Alternative mechanisms of  � -pinene cationic polymerization.    
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polymerization to be carried out at higher temperatures (0°C) without any signifi cant decrease in molecular weights 
(Mn �  1 000) and with yields greater than 80 per cent with modest dimer contents (less than 6 per cent). However, 
these additives decreased the corresponding polymerization rates  [25] . 

 It has been reported that the cationic polymerization of  � -pinene can be improved if, instead of using their sim-
ple mixture, SbCl 3  and AlCl 3  are previously melted together, thus favouring cross ionization by chloride ion trans-
fer to give SbCl 4

�  as the direct initiating species, with Al 2 Cl 7
� as counter ion [29] . 

 A recent addition to this topic deals with the hydrothermal deposit of AlCl 3  onto a zirconium mesoporous mater-
ial and the use of the ensuing solid Lewis acid as a catalyst for both  � -pinene polymerization and other conver-
sions at room temperature [30] .

  2.4.1.3       Other terpenes and derivative 

 Several other terpenic components have been submitted to cationic polymerization. These include terpene oxides 
 [31]  and phellandrene  [22] . The cationic polymerization of  � - and  � -pinene oxides, using BF 3  or PF 5  as initi-
ators proceeded through the initial protonation of the oxyrane oxygen atom followed by the isomerization of the 
oxonium ion to give the tertiary exo-carbenium ion responsible for the chain growth, as shown in  Fig. 2.8     [31] . 
This mechanism was corroborated by the  13 C-NMR of the ensuing polymers. However, this system was strongly 
affected by side reactions resulting from multiple rearrangements of the oxonium ion, which yielded a wide var-
iety of secondary products and limited the polymer DP to 6–7 units [31] . 

 The cationic polymerization of  � -phellandrene, using EtAlCl 2 , SnCl 4  or BF 3 OEt 2  as initiators in various solv-
ents produced polymers with Mn of 3 700–5 700  [22] . The cationic polymerization of limonene has also been 
reported  [32]  and its outcome found to be favoured by using the binary system AlCl 3 /SbCl 3  instead of AlCl 3 .

  2.4.1.4       Copolymerization of  � -pinene with synthetic monomers 

 The cationic random copolymerization of  � -pinene with styrene and  � -methylstyrene, initiated by AlCl 3  in dichlo-
romethane, was investigated within a wide range of temperatures  [33–35] . Regrettably, these studies were limited 
to a rather factual and empirical approach and left some major questions unanswered, such as the values of the 
reactivity ratios. The molecular weight of the copolymers, irrespective of the feed ratio and the reaction tempera-
ture, were very low in the fi rst study  [33]  and increased somewhat in the subsequent ones  [34, 35] . 

 In the case of the  � -pinene/isobutene combination initiated with EtAlCl 2 , the  1 H-NMR spectrum of the copoly-
mer showed an almost equal incorporation of the monomers and a high level of alternation  [36] . 

C

CH3

CH3

O

n

O

H�

OH OH

C

CH3

CH3

HO

O
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 The block copolymerization involving  � -pinene has also been investigated  [37] . This strategy involved the syn-
thesis of a poly( � PIN) bearing tertiary chloride end groups and the attachment of poly(THF) blocks by their acti-
vation, as shown in  Fig. 2.9    for chains with a single chlorinated site, thus giving a di-block structure. 

 When  � -pinene was polymerized with BCl 3  in the presence of  p -dicumylchloride or  p -tricumylchloride, poly-
mers with two ( Fig. 2.10   ) and three ( Fig. 2.11   ) chlorinated end groups were obtained as potential precursors for 
linear and star-shaped multi-block copolymers  [37] .

  2.4.1.5       Copolymerization of  � -pinene with synthetic monomers 

 The cationic copolymerization of  � -pinene with several conventional monomers has been examined by various 
groups  [38–41] . The reaction of  � -pinene with isobutene using EtAlCl 2  in ethyl chloride at  �� 100°C yielded ran-
dom copolymers with Mn values in the range of 3 200–29 000, increasing with decreasing  � -pinene feed  [38] . The 
unsaturated p -menthane moiety was the dominant repeating unit in these copolymers  [38] . The copolymerization 
of � -pinene and styrene using AlCl 3  as the initiator gave copolymers with Mn of 2 320–3 080  [39] . However, as in 
the case of � -pinene homopolymerization, the use of the SbCl 3 /AlCl 3  combination here reduced the difference in 
monomer reactivity and produced higher copolymer yields  [40, 41] .

  2.4.2     Living cationic polymerization 

  2.4.2.1       Homopolymerization of  � -pinene 

 The cationic polymerization of  � -pinene with conventional systems has been shown above to give modest and, 
exceptionally, medium molecular weights associated with rather broad distribution. The development of novel ini-
tiating systems capable of providing controlled cationic polymerizations in terms of  quasi -living conditions (LCP) 
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 Figure 2.9        Synthesis of a di-block copolymers of  � -pinene and THF through  � -end chlorinated poly( � PIN).
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began some 20 years ago and was applied fi rst to conventional monomers like styrene, isobutene and vinyl ethers, 
but this research was soon extended to terpenes after some failed attempts  [20] . 

 The fi rst successful  � -pinene LCP systems were reported by Lu  et al.  in 1997  [42–44] . The best conditions 
involved the use of the HCl adduct of 2-chloroethylvinyl ether, isopropoxytitanium chloride [Ti(O i Pr)Cl 3 ] in the 
presence of tetra- n -butylammonium chloride [ n BuNCl] in dichloromethane at  � 40°C to  � 78°C, viz. a system 
previously optimized for the LCP of styrene  [45] . The living character of this system was clearly demonstrated by 
the fact that Mn increased linearly with monomer conversion, even after several monomer additions  [43] . 

 The proposed polymerization mechanism  [43, 44] , shown in  Fig. 2.12   , involves the rearrangement of the 
pinane skeleton with the formation of a  p -menthane type repeating unit, as unambiguously demonstrated from the
1 H-NMR spectrum of the ensuing polymer. It follows that the strain release resulting from the cyclobutane ring 
opening is still a key driving force in this propagation mechanism. 

 Other initiating systems were also shown to give LCP conditions, namely through the use of other Lewis acids 
 [43]  and coinitiators  [43, 46] .

  2.4.2.2       Copolymerization of  � -pinene with synthetic monomers 

 The synthesis of block, as well as random copolymers of  � -pinene with styrene and  p -methylstyrene ( p MeSt), was 
studied by living cationic polymerization, using both the styrene and vinyl ether adducts as initiators in the pres-
ence of Ti(O i Pr)Cl 3  in methylene chloride at  � 40°C  [44, 47] . For styrene (A) and  � -pinene (B), both AB and BA 
block copolymers were obtained, as shown in  Fig. 2.13   , with Mn values of 4 000 and 3 600, respectively, and nar-
row Mw/Mn ratios (1.26 and 1.38, respectively). The effi ciency of these block copolymerizations was attributed to 
the similar reactivity of the C�Cl bond derived from the two monomers  [44] . 

 The random living cationic polymerization of  � -pinene with styrene and  p MeSt was also inspected  [44] . With 
the � -pinene/styrene mixtures, a faster consumption of the former monomer occurred, yielding tapered copoly-
mers with Mn  �  5 000 and MWD of 1.4 at 100/65 per cent consumption of  � -pinene/styrene. In contrast, with the 
� -pinene/ p MeSt mixtures, both monomers were consumed at nearly the same rate, yielding statistical copolymers 
with Mn  �  5 000 and MWD of 1.5 at both monomer conversions higher than 90 per cent. 
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 The random living cationic polymerization of  � -pinene was also carried out with isobutene using 1-phenylethyl 
chloride/TiCl 4 /Ti(OiPr) 4 / n Bu 4 NCl  [48] . Under these conditions,  � -pinene and isobutene exhibited almost equal 
reactivities and were consumed at the same rate. This observation, together with proton NMR evidence, confi rmed 
the random nature of the copolymer. Regardless of the monomer feed ratio, Mn increased with monomer conver-
sion while preserving narrow MWDs (1.1–1.2), confi rming the living character of the system  [48] . 
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after addition of the other monomer (reprinted with permission from Reference [44]).    
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 In a different vein, the LCP synthesis of poly( � PIN) bearing benzyl chloride end groups  [49, 50]  opened the way to the 
insertion of a poly(THF) block by the activation of this moiety with AgClO 4  or AgSbF 6 . The ensuing copolymer was thus 
made up of a non-polar rigid segment of poly( � PIN) linked to a polar, soft and semi-crystalline poly(THF) segment  [49] . 

 Grafted copolymers have also been prepared from the brominated poly( � PIN), whose synthesis is shown in  Fig. 2.15 ,
by the activation of the C�Br bonds with Et 2 AlCl leading to the cationic sites for the polymerization of styrene  [51] . 

  2.4.3     Living cationic-radical copolymerization of  � -pinene with synthetic monomers 

 The possibility of controlling the cationic polymerizations of  � -pinene using the systems described above, opened an 
additional avenue of macromolecular engineering which consists in introducing reactive functional groups at one or 
both ends of poly( � PIN) or its copolymers and even within their backbone. The interest of these moieties is in their 
possible exploitation as starting sites for the free radical polymerization of a suitable monomer  [42, 49, 50, 52] .

  Figure 2.14    illustrates this strategy applied to the specifi c context in which the terminal reactive moiety for both 
homo- and co-polymers of � -pinene prepared by LCP is a methacrylic group  [42] , from which the free radical poly-
merization of methyl methacrylate (MMA) was carried out to give block copolymers with interesting properties  [42] . 

  Figure 2.15    shows a different and more sophisticated approach to the combination of cationic and radical mecha-
nisms, since in this case both processes bear a living character. Allylic brominated poly( � PIN) with Br/ � -pinene unit 
ratios of 1.0 and 0.5 (Mn of 2 810 and 2 420, respectively and a similar MWD of 1.3) were obtained by treatment 
with N -bromosuccinimide/AIBN and then used as macroinitiators in conjunction with CuBr and 2,2 � -bipyridine
for the atom transfer radical polymerization (ATRP) of acrylic monomers  [52, 53] . 

 These grafting processes clearly require further optimization since some side reactions were reported to provoke 
the formation of insoluble gels [52] .

  2.4.4     Radical polymerization of monoterpenes 

 Although it is generally assumed that monoterpenes do not undergo radical homopolymerization, in some experi-
ments dealing with the thermal treatment of � -pinene  [54] , it was shown that the material obtained must have been 
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produced by a free radical mechanism, since cationic and anionic inhibitors did not affect this process  [55] . More 
recently, the radical homopolymerizations of  � - and  � -pinene have indeed been more clearly confi rmed  [39, 56] .
However, these processes which called upon AIBN as initiator, only gave oligomers (Mn  �  900) in modest yields 
(� 30 per cent)  [56] . It is, therefore, reasonable to conclude that the original assumption, although strictly speaking 
inaccurate, refl ects the actual reality in the sense that there is no interest in using free radical initiation to prepare 
materials based on the homopolymerization of monoterpenes. 

 This unfavourable situation is however reversed when pinenes and other monoterpenes are used as comonomers 
in free radical copolymerizations with monomers bearing structures other than theirs. These systems are described 
below as a function of the specifi c terpene comonomer. 

  2.4.4.1       Copolymerizations using pinenes 

 A considerable amount of attention has been devoted to this topic in recent years, particularly in view of the 
advances related to controlled radical polymerization  [56–60] . 

 The conventional free radical copolymerization of  � -pinene and MMA or St, initiated by AIBN, yielded copoly-
mers with Mw of about 11 600 and 25 400, respectively and MWD of 1.5 and 1.7, respectively  [56] . When 
2,3,4,5,6-pentafl uorostyrene (PFS) was used as comonomer, and benzoyl peroxide as the initiator, a PFS-rich 
copolymer incorporating isolated isomerized � -pinene units distributed between poly(PFS) segments was obtained 
 [57] . This feature is related to the low reactivity of the  � -pinene free radicalar towards its monomer, that is to a 
reactivity ratio close to zero. These PFS- � -pinene copolymers were shown to combine the typical high water con-
tact angles of perfl ourinated polymers (hydrophobicity) with the optical activity of poly( � PIN)  [57] . A recently 
published study indicated that the radical random copolymerization of both � - and  � -pinene with styrene under 
microwave irradiation yields materials with Mn values considerably higher than those obtained under conventional 
conditions, but still with very low conversions  [18] . 

 The radical copolymerization of  � -pinene with acrylonitrile (AN) using AIBN as the initiator produced very 
low product yields with Mn  �  7 200 and MWD of 1.6  [59] . Again, the reactivity ratio relative to the terpenic mon-
omer was close to zero and that of AN was 0.66, which produced a structure ( Fig. 2.16   ) similar to that described 
above for PFS. This study had the added quality of kinetics and  1 H-NMR structural insights  [59] . The addition 
of Lewis acids (TiCl 4 , SnCl 4 , ZnCl 2  and Et n AlCl 3�n ) produced an enhanced tendency to alternation, through the 
reduction of the reactivity ratio of AN to about 0.11, which resulted in an increase in the incorporation of  � -pinene 
to levels as high as 43 per cent, that is to the formation of nearly alternated copolymer structures. Moreover, in the 
specifi c instance of EtAlCl 2  and especially of Et 2 AlCl, higher copolymer yields were also obtained  [59] . 
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 In the same study, the authors also investigated the use of the reversible addition-fragmentation transfer (RAFT) 
technique and showed that several such systems gave rise to a better controlled copolymerization, although the 
polydispersity of the ensuing copolymers depended on the nature of the actual agent used  [59] . The most effective 
were cumyl dithiobenzoate (CDB) and 2-cyanopropyl-2-yl dithiobenzoate (CPDB) which gave polydispersities of 
1.4 and 1.2, respectively. The living nature of these processes was confi ned to their fi rst phase, since at high con-
versions the kinetics and Mn values strongly deviated from those predicted by a living system  [59] . When Et 2 AlCl 
was added to these optimized RAFT copolymerizations, both a narrow MWD (1.2) and a high  � -pinene incorpor-
ation were achieved, suggesting a better reaction control and a higher tendency to alternation  [59] . In spite of these 
improvements, the fact that the Mn of the copolymers did not increase with conversion, showed that even this sys-
tem did not display a living character  [59] . 

 The AIBN-initiated radical copolymerization of  � -pinene and methyl acrylate (MA)  [58]  with  n -butyl acrylate 
(n BA)  [60]  produced results similar to those described above for AN  [59]  and thus the structure of the ensuing macro-
molecules were characterized by the presence of MA or n BA blocks alternated with single  � -pinene units but the 
incorporation of � -pinene could again be enhanced by the addition of Et 2 AlCl  [58, 60] . When the authors attempted 
to turn this system into a controlled process by using RAFT reagents, the results were rather disappointing in the case 
of MA  [58] , whereas, when  n BA was used  [60] , the results obtained were similar to those reported for AN  [59] . 

 To the best of our knowledge, only one publication describes the free radical copolymerization of  � -pinene 
 [56] . In this study, both MMA and St were studied as comonomers under standard conditions. Interestingly, it was 
shown that  � -pinene is a more suitable comonomer than its  � -isomer, since it gave higher rates, conversions and 
molecular weights under the same conditions [56] . Surprisingly, despite these more favourable features,  � -pinene 
has not been investigated further in this context.  

  2.4.4.2       Copolymerization of limonene 

 The radical copolymerization of limonene with MMA  [61, 62] , AN  [63] , St  [64]  and  N -vinylpirrolidone  [65]  gave 
alternating copolymers because both reactivity ratios were close to zero.  Figure 2.17    shows the mechanism pro-
posed for this process in the case of MMA. 

 More recently, liquid crystalline materials based on modifi ed limonene–MMA copolymers have been described  [66] . 
 Finally, copolymers of limonene and maleic anhydride  [67, 68]  and terpolymers combining limonene with 

either MA and AN  [69] , or with St and MMA  [70] , have also been reported.  
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  2.4.4.3       Copolymerization of monoterpene alcohols 

 Like their hydrocarbon counterparts, most monoterpene alcohols do not undergo radical homopolymerization, but 
intervene in copolymerization with conventional monomers. The interest of the ensuing copolymers resides essen-
tially in the fact that they bear a pendant hydroxyl group  per  terpene monomer unit. 

� -Terpineol readily copolymerizes with MMA  [71] , St  [72]  and BMA  [73] . In all these systems, the reactivity 
ratios were found to be very low, which favoured a high degree of alternation in the ensuing materials  [71–73] . 
 Fig. 2.18    depicts the mechanism proposed for the system involving MMA as comonomer  [72] . 

 Other authors have proposed mechanisms which differ from the one shown in  Fig. 2.18 , particularly in terms 
of the structure of the terpinyl free radical and hence of the structure of the corresponding monomer unit in the 
copolymers  [71, 72, 74] . 

 More recently, the radical copolymerization of  � -terpineol with  N -vinylpirrolidone was also studied. In this 
instance, the comonomers showed substantially different reactivity ratios resulting in the formation of random 
copolymers [75] . 

 The radical copolymerization of linalol with AN  [76] , acrylamide  [77] , St  [78]  and BMA  [79]  yielded strongly 
alternating copolymers because of the very low reactivity ratios of both monomers ( Fig. 2.19   ). The proposed poly-
mer structures, as shown in  Fig. 2.19    for the copolymer with AN, also involve the formation of the more stable 
tertiary radical intermediate  [76, 77] . 

 Likewise, the radical copolymerization of citronellol with vinyl acetate  [80] , St  [81]  and acrylamide  [82]  pro-
duced alternating copolymers whose structures evoke the same radical mechanism. 

 On the other hand, geraniol showed a substantially different reactivity in its copolymerization with St, leading 
to a lower alternating character  [83] . 

 Finally, it is worth mentioning that several radical terpolymerization studies using linalol  [84, 85]  and citronel-
lol  [86]  have been carried out. 

 The obvious interest in interpenetrating polymer networks (IPN) based on very different macromolecu-
lar structures has spurred some studies involving terpenols. Thus the synthesis of IPN involving poly(St) and 
poly(citronellol-alt -MMA)  [87]  and of poly( � -terpineol-co-St) with ethyl acrylate crosslinked with divinylben-
zene have been reported  [74] . 
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 An interesting exploitation of the OH side groups borne by these copolymers is provided by a recent study in 
which poly( � -terpineol-co-MMA) was modifi ed by grafting phenyl benzoate mesogenic groups, bearing vinyl ter-
minated polymethylene spacers, to give liquid crystalline materials  [88] .

  2.4.5     Other monomers and polymerization systems 

 The emulsion polymerization of myrcene and its copolymerization with styrene and butadiene, followed by vul-
canization of the ensuing polymers to obtain synthetic rubbers was reported as early as 1948  [16]  but no other 
such system has been mentioned in the literature since then. 

 Only a few studies have been devoted to the Ziegler–Natta polymerization of terpene monomers.  � - and  � -
pinene, limonene and camphene were investigated by various authors and the corresponding homopolymers were 
shown to be structurally analogous to those obtained by cationic mechanisms  [89, 90] . More recently, this type of 
catalysis was successfully applied to copolymerization systems involving  � -pinene and MMA or St  [56] . 

 Myrcene is, to our knowledge, the only monoterpene which has been the object of living anionic polymerization 
(LAP) and copolymerization studies  [91] . These systems involved  N -butyl lithium as the initiator, and either benzene 
or THF as solvent. When the reaction was carried out in the former, 1,4-addition was favoured (85–90 per cent),
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followed by 3,4-addition (11–15 per cent), whereas in THF, 1,4-addition accounted for only 39–44 per cent, 
followed by 3,4-addition, with 39–44 per cent, and by 1,2-addition, with 10–18 per cent ( Fig. 2.20 ). 

 The corresponding copolymerization with styrene in benzene yielded a polymer rich in myrcene with a poly(St) 
block formed in the later polymerization stages. In THF, a styrene-rich copolymer was obtained in the early stages, 
with a polymyrcene block formed towards the end  [91] . 

 Alternating copolymers of limonene oxide and carbon dioxide have been prepared using  � -diiminate zinc acetate 
complexes  [92] . These polycarbonate-type copolymers had rather low Mn values (5 500–11 000), but narrow MDWs 
(close to 1.1). Cataldo and Keheyan  [93]  studied recently the polymerization of ( � )- � -pinene with  
 -radiation,
and found that the product was optically active, although such a feature had not been mentioned in earlier studies 
by other authors  [94, 95] .

  2.5     POLYTERPENE APPLICATIONS 

  2.5.1     Tack and adhesion 

 Commercially available polyterpene resins, and particularly poly(PIN)s, are low molecular weight hydrocarbon-
like polymers used as adhesive components to impart tack (to both solvent-based and hot-melt systems), provide 
high gloss, good moisture vapour transmission resistance and good fl exibility for wax coating and ensure viscosity 
control and density increase to casting waxes. There is a considerable similarity in the context of these properties 
between rosin derivatives (see corresponding chapter in this book) and polyterpenes. 

 The ageing stability of an adhesive depends, to some extent, on the corresponding stability of its tackifi ng resin 
 [96, 97] . Since poly(PIN)s contain unsaturations in their chemical structures, they are sensitive to atmospheric oxi-
dation, which leads to the progressive loss of their tack. Photo-oxidation studies have shown that both poly(PIN)s 
behave similarly in this context, with  � , � -unsaturated hydroperoxides as the primary products, which then undergo 
photolysis to give various low molecular weight degradation fragments  [96] . Under thermal oxidation conditions, 
similar ageing processes are observed, but the reactivity of the two poly(PIN)s is now signifi cantly different with 
the � -homologue being more fragile  [97] .

  2.5.2     Other applications of polyterpenes and terpenes 

 Poly( � PIN) was used as a spray adjuvant in pesticide applications to crops to increase their deposition and to 
decrease their rate of decay, which resulted in increased effi ciency  [98] . This effect is achieved through the forma-
tion of an organic fi lm covering the crop foliage, which protects the active component from rain and wind erosion 
as well as volatilization. 

 It was recently shown that doping poly( � PIN) with iodine produces a semi-conductive material, with conduc-
tivities of about 8  �  10 � 3  S cm � 1 , typical of non-conjugated doped polymers  [99] . This material also showed a 
large quadratic electro-optic effect which would make it useful for non-linear optics applications  [100] . 

 In recent years, some monoterpenes have attracted some interest as environment-friendly solvents for polymeric 
systems. Camphene, which is both harmless and readily sublimed, has been tested as solvent for polypropylene 

1,4 addition 3,4 addition1,2 addition

 Figure 2.20        Structure of the 1,4- 1,2- and 3,4-type myrcene monomer units.    
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 [101, 102] . The thermally induced phase separation of these solutions was applied to the preparation of micropo-
rous polypropylene tubular membranes  [102, 103] . Camphene has also been used in the preparation of gas-fi lled 
polymeric micro-bubbles by freeze drying polymer/camphene emulsions  [104–106] . These spheres can be used as 
contrast agents for the medical ultrasonography of vital organs. 

 It has been shown that  � -pinene oxide, in conjunction with ZnEt 2 , constitutes an effi cient catalytic system for 
the stereospecifi c polymerization of styrene oxide  [107] . 

 Limonene was tested as a solvent for recycling polystyrene  [108] , as well as a renewable polymerization solv-
ent and chain transfer agent in ring-opening metathesis polymerizations [109] . 

 Finally, poly( � -PIN) was used in the nonisothermal crystallization of isotactic polypropylene from blends con-
taining up to 30 per cent of this polyterpene [110–112] .

  2.6     CONCLUDING REMARKS 

 Although the following observations might sound redundant in their similarity to the conclusions of many, if not 
all the chapters of this book, they refl ect nonetheless what we consider as being very relevant points. The sys-
tematic literature survey that we carried out to ensure the comprehensive coverage of this chapter showed unam-
biguously that the last decade has witnessed a drastic increase in scientifi c and more applied research related to 
terpenes as source of materials. It seems obvious to us that the concept and the practical implementation of a biore-
fi nery, that is the rational exploitation of renewable resources, fi nd in terpenes an excellent additional justifi cation.   
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                                          Materials from Vegetable Oils: Major Sources, 

Properties and Applications 

   Mohamed Naceur   Belgacem   and     Alessandro   Gandini      

ABSTRACT 

 This chapter summarizes the most recent advances in the realm of the modifi cation of vegetable oils 
aimed at their use in the preparation of polymeric materials. After a brief description of the most impor-
tant industrial oils, their major sources, their worldwide production, some of their properties and isolation 
procedures are reviewed. The contents are then divided into different sections, including the crosslinking
of oils by vinyl monomers and by metal-catalyzed reactions, the formation of interpenetrating networks,
the modifi cation of epoxidized and castor oils and the polymerization of the resulting products. Sub-
sequently, different oil-based polyurethanes, polyamides, polyester-amides, alkyd resins and polyesters and 
poly(hydroxyalkanoates) are reviewed. With each family of oil-based polymers, the most promising materi-
als and their relevant properties are singled out stressing their suitability to replace, at least partially, petro-
leum-based counterparts. 

 Keywords 

 Triglycerides, Soybean oil, Castor oil, Sunfl ower oil, Oil-based polymers, Fatty acids, Epoxidized oils, 
Interpenetrating networks, Crosslinking of oils, Oil-based polyurethanes, Oil-based polyamides, Oil-
based polyester-amides, Oil-based alkyd resins, Oil-based polyesters, Oil-based poly(hydroxyalkanoates)   

  3.1     INTRODUCTION 

 Vegetal and animal oils and fats have been used for centuries in the production of coatings, inks, plasticizers, lubri-
cants and agrochemicals, as reported in recent books and reviews  [1–5] . As expected, this scientifi c literature is 
largely complemented by a wide range of patents  [6–12] . In 2000, the production of oils and fats amounted to 
17.4       kg per year per capita and it is estimated that these fi gures grow at a rate of 3.3 per cent per year. The total 
worldwide yearly production of these renewable materials was over 110 million tons in 2002. Vegetal oils constitute 
the main fraction of this production ( i.e.  80 per cent, the remaining 20 per cent being animal fats). Only 15.6 million 
tons (around 15 per cent) of these raw materials are used as precursors to the synthesis of new chemical commodi-
ties and materials. The rest is used for animal (about 5 per cent) and human ( ca . 80 per cent) consumption. 

 The main actors involved in oleochemistry are located in Asia, because of the climatic suitability for such agri-
cultural activity: Malaysia, Indonesia and the Philippines being the main producers. Fats from animal biomass are 
produced mostly in the US and Europe. The respective production of fats and oils for the four main continents, Asia, 
North America, Europe and South America, is 44, 16, 15 and 14 per cent. The present chapter deals exclusively with 
the use of vegetable oils as sources of polymeric materials, because the structures of fats do not lend themselves 
meaningfully to that application. 
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 Vegetal oils can be extracted from different species, as summarized in  Table 3.1   , which gives the average annual 
worldwide production of the 17 most important commodity oils. The major growth in the vegetable oil production 
is presently related to palm and rapeseed/canola oil [1] . 

 As a general rule, the chemical composition of oils arises from the esterifi cation of glycerol with three fatty acid 
molecules, as shown in  Scheme 3.1   . A given oil is always made up of a mixture of triglycerides bearing different 
fatty acid residues. The chain length of these fatty acids can vary from 14 to 22 carbons and contain 0–5 double 
bonds (DB) situated at different positions along the chain and in conjugated or unconjugated sequences.  Table 3.2 
collects the 16 most important oils with their specifi c chemical structures. Interestingly, none of them incorporated 
conjugated DB, which are however encountered in other less abundant oils. 

 In terms of chemical structure, few exceptions should be mentioned, since some fatty acids bear other types of 
functional groups, mainly epoxy rings and hydroxy moieties, triple bonds and ether functions  [5] , as discussed 
below. The fatty acid content in several common oils is given in  Table 3.3    which, in addition, also provides the 
average number of DB per triglyceride unit. In the case of the more exotic castor, oiticica and tung oils, the main 
fatty acid residues are ricinoleic (87.5 per cent), licanic (74 per cent) of  � -elaeostearic acids (84 per cent), respec-
tively whose structures are provided in  Scheme 3.2    below. 

 Alkyd resins are probably among the oldest polymers prepared from renewable resources through the esterifi ca-
tion of polyhydroxy alcohols with polybasic and fatty acids. A considerable amount of technological research has 
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Where: R1, R2 and R3 are fatty acid chains.

 Scheme 3.1            

 Table 3.1 

   Average annual worldwide production of 17 commodity oils,
for 2001–2005 period [1]  

 Oil  Average annual production
(million tons) 

 Main producer 

 Soybean  26.52  US 
 Palm  23.53  Malaysia 
 Rapeseed/canola  15.29  Europe 
 Sunfl ower  10.77  Europe 
 Tallow  8.24  US 
 Lard  6.75  China 
 Butterfat  6.26  Europe 
 Groundnut  5.03  China 
 Cottonseed  4.49  China 
 Coconut  3.74  Philippines 
 Palm kernel  2.95  Malaysia 
 Olive  2.52  Europe 
 Corn  2.30  US 
 Fish  1.13  Peru 
 Linseed  0.83  Europe 
 Sesame  0.76  China 
 Castor  0.56  India 

Total 121.67
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been devoted to the properties of these polyesters and the interested reader will fi nd much detailed information in 
a monograph entirely devoted to them  [14] . Here, we limit our coverage to the most relevant fi ndings in the fi eld 
of alkyd resins as polymeric materials.  

  3.2     PROPERTIES OF VEGETABLE OILS AND FATTY ACIDS 

 The physical and chemical properties of vegetable oils depend on their fatty acid distribution. The numbers of DB, 
as well as their positions within the aliphatic chain, affect strongly the oil properties. The actual number of carbon 

 Table 3.2 

   Names and double bond positions of the most common fatty acids [1]  

 Chain length:
Number of DB 

 Systematic name  Trivial name  Double bond position 

 12:0  Dodecanoic  Lauric  – 
 14:0  Tetradecanoic  Myristic  – 
 16:0  Hexadecanoic  Palmitic  – 
 18:0  Octadecenoic  Stearic  – 
 18:1  9-Octadecanoic  Oleic  9 
 18:2  9,12-Octadecadeinoic  Linoleic  9,12 
 18:3  6,9,12-Octadecatrienoic   � -linolenic  6,9,12 
 18:3  9,12,15-Octadecatrienoic   � -linolenic  9,12,15 
 20:0  Eicosanoic  Arachidic  – 
 20:1  Eicosaenoic  –  9 
 20:4  Eicosatetraenoic  Arachidonic  5,8,11,14 
 20:5  Eicosapentaenoic  EPA  5,8,11,14,17 
 22:0  Docosanoic  –  – 
 22:1  Docosenoic  Erucic  13 
 22:5  Docosapentanoic  DPA  7,10,13,16,19 
 22:6  Docosahexanoic  DHA  4,7,10,13,16,19 

 Table 3.3 

   Main fatty acid contents in different oils [2, 13]  

 Oils  Fatty acid  Average number of 
DB per triglyceride   

 Palmitic  Stearic  Oleic  Linoleic  Linolenic 

  Canola   4.1  1.8  60.9  21.0  8.8  3.9 
  Corn   10.9  2.0  25.4  59.6  1.2  4.5 
  Cottonseed   21.6  2.6  18.6  54.4  0.7  3.9 
  Linseed   5.5  3.5  19.1  15.3  56.6  6.6 
  Olive   13.7  2.5  71.1  10.0  0.6  2.8 
  Soybean   11.0  4.0  23.4  53.3  7.8  4.6 
  Tung   –  4.0  8.0  4.0  –  7.5 
  Fish  –  –  18.20  1.10  0.99  3.6 
  Castor   1.5  0.5  5.0  4.0  0.5  3.0 
  Palm   39  5  45  9  –  – 
  Oiticica   6  4  8  8  –  – 
  Rapeseed   4  2  56  26  10  – 
  Refi ned tall   4  3  46  35  12  – 
  Sunfl ower   6  4  42  47  1  – 
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atoms making up the aliphatic chains plays a very minor role, simply because most of these triglycerides have 18 
and a few 16.  Table 3.4    summarizes some relevant properties of common vegetable oils and fatty acids. The aver-
age degree of insaturations is measured by the iodine value. This parameter corresponds to the amount of iodine 
(mg) which reacts with the DB in 100       g of the oil under investigation. Vegetable oils are divided into three groups 
depending on their iodine values. Thus, oils are classifi ed as  ‘ drying ’ , if their iodine value is higher than 130,  ‘ semi-
drying ’  if this parameter is comprised between 90 and 130 and  ‘ non-drying ’  when it drops below 90. Iodine values 
of some common fatty acids and their triglycerides are given in  Table 3.5   . 

  3.3     ISOLATION OF VEGETABLE OILS 

 The isolation of vegetable oils can be achieved either mechanically or by solvent extraction  [16] . The mechanical
process consists of submitting the beans, cells and oil bodies to shearing, in order to liberate the oil. Heat is gen-
erated during this procedure and this can induce a negative effect on the proteins therein. The advantages of the 
mechanical isolation process reside in its low cost, low investment and safety in terms of environmental concerns, 
since it does not involve the use of solvents or hazardous substances. This process presents, nevertheless, the draw-
back of low yields of oil extraction, since the amount of oil left in the ensuing residues can reach values as high as 
7 per cent. 

 The main principle of solvent extraction is that the solvent diffuses through the seeds, solubilizes and extracts 
the oil. Solvent extraction involves the use of organic solvents, the most common being hexane. The key parameter 
of this process is the diffusion rate of the solvent into the oil body. This process is more effi cient than the mechani-
cal counterpart, but has the drawback of using volatile organic solvents. 

 Table 3.4 

   Some physical properties of triglyceride oils and fatty acids [15]  

 Name  Viscosity (mPa 
 s)  Specifi c gravity  Refractive index  Melting point (°C) 

 Castor oil  293.4 at 37.8°C  0.951 at 20°C  1.473–1.480 at 20°C   � 20 to  � 10 
 Linseed oil  29.6 at 37.8°C  0.925 at 20°C  1.480–1.483 at 20°C   � 20 
 Palm oil  30.92 at 37.8°C  0.890 at 20°C  1.453–1.456 at 20°C  33–40 
 Soybean oil  28.49 at 37.8°C  0.917 at 20°C  1.473–1.477 at 20°C   � 23 to  � 20 
 Sunfl ower oil  33.31 at 37.8°C  0.916 at 20°C  1.473–1.477 at 20°C   � 18 to  � 16 
 Myristic acid  2.78 at 110°C  0.844 at 80°C  1.4273 at 70°C  54.4 
 Palmitic acid  3.47 at 110°C  0.841 at 80°C  1.4209 at 70°C  62.9 
 Stearic acid  4.24 at 110°C  0.839 at 80°C  1.4337 at 70°C  69.6 
 Oleic acid  3.41 at 110°C  0.850 at 80°C  1.4449 at 60°C  16.3 

 Table 3.5 

   Iodine values of some unsaturated fatty acids and their triglycerides  

 Fatty acid (number of carbon atoms)  Iodine value of the 

 Acid  Triglyceride 

 Palmitoleic (C16)  99.8  95.0 
 Oleic (C18)  89.9  86.0 
 Linoleic (C18)  181.0  173.2 
 Linolenic (C18) and  � -eleostearic  273.5  261.6 
 Ricinoleic (C18)  85.1  81.6 
 Licanic (C18)  261.0  258.6 
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  3.4     POLYMERS FROM VEGETABLE OILS 

 Soybean, fi sh, corn, tung, linseed and castor oils are the most common renewable resources used as precursors for 
the synthesis of vegetable oil-based polymers. Their composition in fatty acid is shown in  Table 3.3   [3, 17] . The 
chemical structures of the most representative oils in these families are given in  Scheme 3.2 . 
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 The free radical oxido-polymerization of unsaturated triglycerides in atmospheric conditions has been (and con-
tinues to be) exploited mostly in coating applications involving inks and paints. These systems and the mecha-
nisms they involve represent well-established and well-documented traditional processes  [15–17]  and will not be 
discussed any further here, also because, in terms of bulk material properties, the ensuing networks display rather 
poor mechanical properties. 

 Other chemical exploitations of these molecules as macromonomers are instead becoming particularly promis-
ing, whether they involve reactions with the DB, the hydroxy groups or epoxy functions borne by some of their 
structures. Since this topic was covered by two very recent reviews  [2, 3]  and two books  [1, 4] , we will confi ne 
ourselves here to reviewing relevant studies in the fi eld of macromolecular architecture with an emphasis on the 
potential viability of these novel materials derived from renewable resources. Of course, more recent contributions 
will also be assessed. 

  3.4.1     Crosslinking of oils by vinyl monomers 

 Linseed ( LO ), tung ( TO ), soybean ( SOYO ), fi sh ( FO ), sunfl ower ( SFO ), corn ( CORO ), oiticica ( OTO ) and 
dehydrated castor oils ( DCO ) are relatively DB rich molecules, which makes them suitable for copolymerization 
with vinyl monomers, such as styrene ( ST ),  � -methyl styrene ( MST ), divinyl benzene ( DVB ) or cyclopentadiene 
(CPD ). These oils have thus been used to produce polymeric networks through their copolymerization with vinyl 
monomers by the so-called grafting-through mechanism. The SOYO  used for the preparation of polymeric materi-
als is available in three grades, namely (i) regular, (ii) low saturated non-conjugated and (iii) conjugated saturated. 
The fatty acids which constitute  SOYO  are mainly C18 and the number of DB is about fi ve per triglyceride mol-
ecule, as shown in  Table 3.3 . Two varieties of  SOYO  are available on the market, viz. non-modifi ed and epoxi-
dized ( ESOY ).  ESOY  can be submitted to further modifi cations, such as esterifi cation or urethane formation, as 
described in the appropriate section below. 

 Regular  SOYO ,  LO ,  CORO ,  TO  and  FO  oils were extensively studied by Larock  et al .  [18–34] , who submit-
ted them to cationic copolymerization with vinyl monomers in the presence of boron trifl uoride diethyl etherate 
(BFE ), as initiator. Thus, native Norwegian and conjugated  FO,  as well as conjugated and non-conjugated  FO
ethyl esters, were submitted to copolymerizations with ST ,  DVB ,  DCP  and  NBD , in various combinations and 
proportions, and the ensuing thermosets characterized in terms of structures and mechanical properties [18, 19, 
24, 26] . The glass transition temperatures of these materials varied from 11°C to 113°C, as a function of the mono-
mer combination and composition. Generally, conjugated oils gave stiffer thermosets. The free oil, the gel fraction 
and the amount of incorporated oils varied from 15 to 32 per cent, 41 to 85 per cent and 30 to 50 per cent, respec-
tively. As expected, the gel fraction of these materials exhibited a higher thermal stability. Some other comono-
mers were also tested with both conjugated and non-conjugated  FO  ethyl esters, namely furfural,  p -benzoquinone, 
p -mentha-1,8-diene, furan, the Diels–Alder adduct between furfural and  p -mentha-1,8-diene, maleic anhydride 
and vinyl acetate. The aim of these investigations was to modulate the glass transition temperature of the ensuing 
products.

SOYO  alone, or in combination with other oils, was also studied in the context of cationic copolymerizations 
with the same comonomers mentioned above  [20–23, 25, 27–29, 32, 33] . The SOYOs  used were low saturated 
(LSO ) or conjugated low saturated soybean ( CLS ) oils and the cationic initiator was blended with  FO . The for-
mulation of TO  and  LSO  oils gave highly crosslinked networks with  ST  and  DVB  (95–96 per cent).  CORO
was also copolymerized with  ST  and  DVB  using  BFE . The resulting copolymers were characterized by dynamic 
and thermal mechanical analysis (DMA and TMA), thermogravimetry (TGA), differential scanning calorimetry 
(DSC) and scanning electron microscopy (SEM). The gelation time in these very different systems varied from 
a few minutes to a few days. The Tgs and the moduli of the prepared copolymer varied from 0°C to 105°C and 
from 6 to 2       000       MPa, respectively. These values are comparable to those of commercial rubbers synthesized 
from petroleum-based monomers. The free oil, the gel fraction and the amount of incorporated oils varied from, 
12 to 27 per cent, 69 to 88 per cent and 29 to 56 per cent, respectively. These oil-based thermosets started to 
be degraded at temperatures higher than 400°C. Their toughness reached 4       MPa, for some combinations. The 
shape memory effect of these materials was also studied. It consisted in the establishment of three parameters, 
namely (i) their deformability (D) behaviour at temperatures higher than their Tg, (ii) the degree to which the 
deformation is subsequently fi xed at ambient temperature (FD) and (iii) the fi nal shape recovery (R) when the 
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sample is reheated. Crosslinked samples with Tgs well above the ambient temperature exhibited good shape mem-
ory effects. 

 Very recently, novel thermosetting copolymers were prepared from  SOYO  and dicyclopentadiene ( DCP )  [32]  
using the catalytic system. The ensuing materials varied from tough and ductile to very soft rubbers. The gel frac-
tion varied between 69 and 88 per cent and the Tgs were in the range of  � 20°C to 40°C. These materials lost 10 
per cent of their weight at temperatures around 330°C. In the same vein, nanocomposites based on  SOYO - ST  and 
SOYO - DVB  matrices reinforced with a reactive organo-modifi ed montmorillonite clay were also prepared and 
showed, as expected, better mechanical properties and improved thermal resistance, compared with their respec-
tive matrices  [33] . 

TO  and  LO  were also tested in the same context  [30, 31, 34]  but the crosslinking was induced by a free radical 
mechanism using bezoyl- and  ter -butylhydro-peroxides as well as azobisisobutyronitrile (AIBN), in the presence 
of acrylonitrile, ST  and  DVB . The onset of network formation occurred just above 140°C and fully crosslinked 
materials were obtained by post-curing at 160°C. The Tgs of these networks varied from 0°C to 110°C and the 
gel fraction reached 96 per cent for some combinations. The compressive modulus varied from 0.02 to 1.2       GPa, 
whereas the compressive strength ranged from 8 to 140       MPa. These materials were stable up to 300°C.  

  3.4.2     Crosslinking of modifi ed oils by vinyl monomers 

Castor oil  (CO)  and  LO  were reported to crosslink with  ST  in the presence of benzoyl peroxide, after being modi-
fi ed with acrylic acid ( AA ) through an inter-transesterifi cation reaction  [35] . 

 The free radical crosslinking of bacterial polyesters obtained from  SOYO  has also been reported  [36] . Thus, 
poly(-3-hydroxy octanoate) containing unsaturated side chains ( PHA–SOYO ) were produced from  SOYO  in 
the presence of Pseudomonas oleovorans . Subsequently,  PHA–SOYO  adducts were crosslinked, thermally or 
under UV irradiation, in the presence of a free radical initiator and ethylene glycol dimethacrylate as the crosslinker. 
The network yield reached 93 per cent and the Tg of the biopolyester increased from  � 60°C to  � 40°C after 
crosslinking.

SFO  and  LO  were also styrenated after their transesterifi cation with methyl methacrylate ( MMA ) in the pres-
ence of benzoyl peroxide  [37]  and the ensuing materials were characterized in terms of drying time, alkali and 
acid resistance and hardness. A more recent study reported the modifi cation of  SOYO  and  SFO  by acrylamide 
derivatives  [38]  calling upon the use of Ritter ’ s reaction. This rather fundamental study was limited to the determi-
nation of the reactivity ratios between  ST  and the different moieties of acrylamide derivatives. 

 Epoxynorborene derivatives of  LO  (see  Scheme 3.3   ) were prepared and crosslinked by UV irradiation in the pres-
ence of tetraethylorthosiloxane ( TEOS ), in order to produce organic–inorganic hybrid fi lms using (4- octyloxyphenyl) 
phenyl iodonium hexafl uoroantimonate as the cationic photoinitiator  [39] . Different formulations were studied, but in 
all cases the modifi ed  LO  was in a large excess. The addition of 10 per cent of  TEOS  was found to be optimal in 
terms of the mechanical and adhesion properties of the composite fi lms. 
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SOYO  and  CO  were also submitted to alcoholysis with pentaerythritol or biphenol-A propoxylate and the ensu-
ing mixtures reacted with maleic anhydride before crosslinking with  ST   [40, 41] , as sketched in  Scheme 3.4    for 
SOYO . For  CO,  the grafting of maleic anhydride is more favoured, since  CO  contains 3-OH functions per triglyc-
eride molecule. The modifi ed oils were carefully characterized by NMR spectroscopy, as shown in  Fig. 3.1   . 

 The crosslinking was followed by FTIR spectroscopy which showed that about 1       h was needed to reach a high gel 
fraction. Total conversion was attained after 3       h at 120°C. The  SOYO -based polymers exhibited fl exural moduli and 
strength in the range of 0.8–2.5       GPa and 32–112       MPa, respectively. Their glass transition temperatures varied from 72°C 
to 150°C. The surface hardness of the  SOYO -crosslinked networks varied between 77       D and 90       D.  CO -based thermo-
setting materials exhibited signifi cantly improved moduli, strengths and Tg values, when compared with  SOYO -based 
counterparts. These novel materials, based on renewable vegetable oils, show properties comparable to those of high 
performance unsaturated polyester resins which make them good candidates to replace those petroleum-based products. 

  3.4.3     Crosslinking of virgin oils by metal-catalyzed reactions 

LO  was submitted to auto-oxidative crosslinking in the presence of different metal-based catalysts  [42–44] , viz. 
titanium (IV) i-propoxide, titanium di-i-propoxide bis(acetylacetonate), cobalt, lead and zirconium-octonoates, 
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lead oxides and salts and iron oxides. The crosslinking reactions were followed by DSC. The increase in the 
amount of the catalyst induced a decrease in the heat of the reaction and increased the hardness of the crosslinked 
fi lms. Cobalt salts were found to catalyse the oxidation step, whereas lead and zirconium homologues catalysed 
the polymerization reactions. The interest of these otherwise conventional systems lies solely in the purported 
possibility of replacing some toxic catalysts with environment-friendly counterparts, a claim which requires 
confi rmation.  

  3.4.4     Crosslinking of modifi ed oils forming interpenetrating networks 

CO  as such, after hydrogenation ( HCO ), or trans-esterifi cation with glycerol, or modifi cation with  LO , or in combi-
nation with polyethylene glycol, were extensively used as precursors in the preparation of interpenetrating networks,
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 Figure 3.1     1 H-NMR spectra of pentaerythritol-modifi ed  SOYO  (a) and its maleic anhydride adduct (b). (Reproduced 
by permission of Wiley Periodicals, Inc. Copyright 2006. Reprinted from Reference [40].)      
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as recently reported [45–48]  and reviewed  [2] . The fi rst step of this process consisted in the preparation of a poly-
urethane component which involved the use of different isocyanates, as summarized in  Scheme 3.5   . The most 
commonly used vinyl and acrylic monomers were  ST ,  DVB , alkyl acrylates and methacrylates,  AA , acrylonitrile, 
ethylene glycol dimethacrylate and 2-hydroxyethyl methacrylate. These systems will not be described at length here 
since the reader will readily fi nd more details in the cited references  [2, 45–48] .  

  3.4.5     Modifi cation of epoxidized oils and polymerization of the resulting products 

 Crivello ’ s group has been involved in the cationic polymerization of epoxidized triglycerides like vernonia, lesquer-
ella, crambe, rapeseed, canola, SOYO ,  SFO  and meadowfoam  [49–52] . Two routes were applied for the epoxi-
dization, (i) glacial acetic acid in the presence of hydrogen peroxide and (ii) phase-transfer catalyzed by methyl 
octylammonium (diperoxotungsto)phosphate. In all cases, the optimal conditions yielding a high conversion were 
established. Glass-fi bre reinforced composite materials, in which these epoxidized oils were used as matrix-precur-
sors, were also prepared and characterized. 

 Polymer networks derived from the curing of epoxidized  LO  have also been prepared and characterized  [53] . The 
crosslinking agents were phthalic ( PA) , tetrahydro phthalic ( TPA ), tetrahydromethyl phthalic ( TMPA ), hexahy-
dromethyl phthalic ( HMPA ) and methyl endomethylene tetrahydrophthalic ( MTPA ) anhydrides and the reaction 
was catalyzed by different tertiary amines. The effect of the steric hindrance and stiffness of the hardeners was also 
studied.
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 Scheme 3.5            
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 More recently, bromo-acrylated triglycerides were prepared from  SFO  and  SOYO  and the ensuing modifi ed 
SOYO  was homo-polymerized or co-polymerized with  ST  by free radical initiation  [54] . This study was carried 
out with the aim of using the ensuing materials in the fi eld of fl ame-resistant polymers. The FTIR, NMR and mass 
spectra of the bromo-acrylated methyl oleate were recorded and showed that the modifi cation had been successful. 
SOYO  gave a higher acrylate substitution than  SFO . The glass transition temperatures of the polymers obtained 
were around 60 and 25 ° C, for  SFO - and  SOYO -based materials, respectively. These materials did indeed show 
good fl ame resistance  [54] . 

CO  was used in combination with a polyamide system in the preparation of coating adhesives  [55]  and some 
of these formulations showed excellent adhesion properties, satisfactory fl exibility and good resistance to several 
chemicals. Epoxidized CO  ( DECO ) were blended with  PMMA  in 80/20, 60/40 and 20/80 weight ratios, but these 
mixtures showed a certain degree of incompatibility  [56, 57] . It follows that the possible application or copoly-
merization of these materials does not seem promising. 

 UV curable cycloalphatic epoxides were prepared from  LO  ( ELO ), as sketched in  Scheme 3.6    and thoroughly 
characterized by FTIR, NMR and GPC. ELO  was then effi ciently UV cured and the conversion of the epoxy ring 
followed by monitoring the FTIR peak intensity at 831       cm � 1   [58] . Bio-based epoxy resins have been prepared 
by thermal cationic initiation using N -benzylpyrazinium hexafl uoroantimonate (BPH) and N -benzylquinoxalinium 
hexafl uoroantimonate (BQH)  [59]  and gave Tgs of 30–40°C. The mechanical properties of the fi lms prepared by 
BQH -initiation were higher than those of the BPH counterpart, a fact which was attributed to the higher crosslink 
density reached with the former system. 
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 Figure 3.2        FTIR Spectrum of  ESOYO , reported in reference [61]. (Reproduced by permission of the Wiley-VCH 
Verlag GmnH  &  Co. KGaA. Copyright 2006. Reprinted from Reference [61]).    

 More recently, a commercial sample of epoxidised SOYO  (ESOYO)  was thoroughly characterized  [60–62] , 
before being submitted to different modifi cations. The FTIR spectrum of  ESOYO  is given in  Fig. 3.2   , which shows 
the characteristic ester bands at 1 743       cm � 1  (carbonyl groups, C��O) and at 1 159       cm � 1  (ester moieties C�O),
together with the oxirane peak at 823       cm � 1 . The  1 H-NMR spectrum of  ESOYO  is presented in  Fig. 3.3   , and 
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 Table 3.6    summarizes its peak assignments. From this spectrum and the data presented in  Table 3.6 , the number 
of epoxy groups present in each triglyceride molecule was calculated. Thus, the intensity of the peaks between 
2.9 ppm and 3.1 ppm, associated with epoxy functions, corresponded to 8.4 protons ( i.e . about 4.5 oxirane moi-
eties per molecule). This is in rather good agreement with the composition of SOYO , that is, on average, two 
linoleic and one oleic residues, as indicated in  Table 3.3 , which predicts the conversion of the fi ve insaturations 
present in the initial triglyceride molecule into the corresponding oxirane function. The elemental analyses and the 
molecular weight determinations confi rmed this structure. 

ESOYO  was then modifi ed by reactions with AA or acryloyl chloride and the acrylated derivatives character-
ized by spectroscopic techniques before being submitted to free radical photopolymerization. The NMR spectrum 
of the acrylated ESOYO  ( AESOYO ) is shown in  Fig. 3.4   .  Table 3.6  summarizes the peak assignments and their
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 Figure 3.5        Evolution of the bands at 1 637 and 1 627       cm � 1  in the FTIR spectra of AESOYO  irradiated in solution in 
the presence of 4 per cent of Darocure 1 173 [60].    
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 Table 3.6 

1 H-NMR data relative to ESOYO [60]  

 ESOYO  AESOYO 

�  (ppm)  Intensity  Peak assignment   �  (ppm)  Intensity  Peak assignment 

 5.8–6.4  16.8  H 4
 5.2  1  H 9  5.2–5.3  1.6  H 9
 4–4.3  4  H 8  4.3  6  H 10
 2.9–3.1  8.4  H 4  4–4.3  4  H 8
 2.3  6  H 7  3.4–4  2.6  H 5
 1.7  4  H 3  2.9–3.1  2  H 11
 1.6  6  H 6  2.7  6  H 3
 1.5  13  H 5  2.3  6  H 7
 1.3–1.4  46  H 2  1.3–1.6  77  H 6  and H 2
 0.9  9  H 1  0.9  9  H 1

 Figure 3.4      (Continued).
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intensity. The irradiation of  AESOYO  was accompanied by FTIR spectroscopy in order to monitor the decrease of 
peak attributed to the C��C acrylic moieties, as shown in  Fig. 3.5   . This reaction rapidly generated a highly cross-
linked network.

 Of two very recent additions to the present context, one concerns the crosslinking of both  ELO  and epoxidized 
synthetic triglycerides obtained from � -unsaturated fatty acids with either 4,4 � -methylene dianiline or  PA   [63] . 
Films of these materials were glassy, since their Tgs varied from about 50°C to 130°C, and stiffer than those pre-
pared from conventional bisphenol A-diglycidyl ether ( BADGE )-based epoxy resins. However, the adhesion and 
the shear strength of these oil-based resins were better than those of classical BADGE -based counterparts. The 
other recent contribution deals with the free radical photocopolymerizations of  ESOYO  and maleinized  ESOYO
(MESOYO ) with  ST , vinyl acetate and  MMA   [64] . The authors concluded that these copolymers could be good 
candidates for liquid moulding resins.  

  3.4.6     Modifi cation of CO and polymerization of the resulting products 

 The castor oil employed in this investigation was an industrial product whose FTIR spectrum, shown in  Fig. 3.6   , 
displays bands characteristic of OH functions at 3 401       cm � 1 , carbonyl groups at 1 745       cm � 1  and a weak peak at 
3       007       cm � 1  attributed to insaturations. 

 The  1 H-RMN spectrum given in  Fig. 3.7    had all the resonances expected for the  CO  structure, viz. 3-hydroxy 
groups and 3 insaturations per triglyceride molecule. Additionally, elemental analyses and molecular weight deter-
mination confi rmed the proposed structure. 

CO  was modifi ed by reacting it with  AA, acryloyl chloride ( AC ) and � , �  ’ -dimethylbenzylisocyanate ( TMI).
The latter reaction is depicted in  Scheme 3.7    and the FTIR and NMR spectra of the  CO-TMI  adduct are given 

 Figure 3.6        FTIR spectrum of industrial  CO , reported in Reference [61]. (Reproduced by permission of the Wiley-
VCH Verlag GmnH  &  Co. KGaA. Copyright 2006. Reprinted from Reference [61]).    
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in  Figs 3.7  and 3.8,     respectively, whereas  Table 3.7    summarizes the NMR peak assignments for both  CO  and
CO-TMI . The acrylated  CO  derivatives were found to crosslink via radical photopolymerization, whereas the 
CO-TMI  adduct was crosslinked via cationic polymerization  [60–62] . 
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  3.4.7     Oil-based polyurethanes 

 Thanks to their good fi lm-forming properties,  LO  and  SFO  were tested in paint formulations after their submis-
sion to chemical modifi cation. Thus, initial triglycerides or their partially hydrolysed derivatives were reacted 
with TDI, HMDI or an NCO-terminated pre-polymer between 1,4-butanediol and  TDI  [65–67] . The viscosity of 
the TDI-SFO -based polymer solutions showed a non-Newtonian rheo-thinning behaviour, whereas those of the 
other polymers behaved as Newtonian fl uids.  CO- based polyurethanes gave polymers with Tgs varying from 25°C 
to 50°C and a gel fraction higher than 90 per cent. Water soluble polyurethanes were obtained from  SFO -based 
maleinized fatty acids  [68]  and  TDI in the presence of tertiary amines as catalysts. The fi lms obtained displayed 
good resistance to abrasion and to mechanical impacts and good gloss. 

 Very recently, novel silicon-containing polyurethanes based on vegetable oils were prepared and characterized 
 [69] . In particular, a silicon-fatty acid OH-terminated triglyceride (Si-oil-polyol) ( Scheme 3.8   ) was prepared and 
reacted with methylenediphenyl diisocyanate ( MDI). This polyol was characterized by its hydroxy number, func-
tionality, molecular weight and NMR ( Fig. 3.9   ). The Tgs of the corresponding polyurethanes decreased when the 
proportion of Si-oil-polyol was increased. It was found that higher silicon contents yielded materials which no 
longer burned in ambient air in the absence of complementary oxygen, indicating that these hybrids can be poten-
tial candidates for applications that require fi re resistance. 

  3.4.8     Oil-based polyamides 

 The study of polyamides prepared from vegetable oils is an old fi eld of research which has not reported any new 
data in the last three decades. Polyamides from TO  and  SOYO  were used mainly in the paint industry because 

 Table 3.7 

  1H-NMR data relative to CO and CO–TMI [61]  

�  (ppm)  Intensity  Peak assignment   �  (ppm)  Intensity  Peak assignment 

 7.24  –  The solvent  7.4  2  H 14
 5.2–5.5  6.6  H 1  and H 7  7.3  7  H 15
 4–4.3  4  H 2  5–5.3  13  H 17 , H 1  and H 2
 3.6  2.6  H 10  4.6  2  H 5
 2.3  6  H 3  4–4.3  4  H 4
 2.2  6  H 8  2.3  6  H 10
 2  6  H 6  2.1  9  H 16 , H 6
 1.6  7  H 4  2  6  H 7
 1.3–1.4  53  H 5  1.6  21  H 11  and H 13
 0.8  7  H 11  1.3  48  H 9 , H 8

 0.8  9  H 3

SiO

O

O

O

Si

Si

Si

OH

OH

OH

 Scheme 3.8     



140 120 100 80 60 40 20 0
ppm

8

7
63

4

25
1

11

12

10

9

7 6 5 4 3 2 1 0
ppm

7

8

3–6

2

1

10–12

Si

Si

O

OH

OH

OH

O

O Si

H3C CH3

SiH3C CH3

CH3

CH3

134457

8

24446
1011

12
9

—

 Figure 3.9        NMR spectra of the Si-oil-polyol reported in Reference [69]. (Reproduced by permission of the American 
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of their thixotropic character [70] . The best known polyamide in this context, Nylon 11, is now 30-years old and 
although this polymer has good properties like dimensional stability, chemical resistance and low cold brittleness 
temperature, research in this fi eld has not been pursued  [71, 72] .

  3.4.9     Oil-based polyester-amides 

 Polyester-amides, as such, or fi lled with alumina particles, were prepared from N,N � -bis(2 hydroxyethyl)  LO
(HELA) and phthalic acid, in the presence or absence of poly(styrene-co-maleic anhydride), with the aim of 
preparing novel surface coating materials  [73–75] . These polymers were further modifi ed with  TDI, in order to 
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improve their adhesion, toughness and water and chemical resistances  [76] .  Figure 3.10    shows the NMR spectrum 
of these modifi ed materials. 

 Other oils, specifi c to India like  Pongamia glabra  and Nahar ( Mesua ferrea ), as well as boron-based  SOYO,
have also been used in the preparation of polyester-amides  [77–79] . These materials were used for coating at curing
temperatures of 185°C–250°C. The toxicity evaluation and skin irritation tests showed that these polyester-amides
were biologically safe for industrial applications. These materials also showed improved gloss, hardness adhesion 
and chemical resistance  [77, 78] . The boron-based homologues were found to be good candidates for biomedical 
applications, because they exhibited anti-microbial properties  [79] .

  3.4.10     Oil-based alkyd resins and polyesters 

 Alkyd resins can be prepared from either monoglycerides or fatty acids. The former approach is based on the 
alcoholysis of the oil by part of a polyol, followed by the esterifi cation of the remaining hydroxy functions using 
a polyacid. The latter approach is instead based on a one-step process consisting of the direct reaction among the 
fatty acid, the polyol and a polyacid  [14] . 

 Traditionally,  SFO ,  SOYO ,  LO  and rapeseed oils have been used in the preparation of oil-modifi ed polyesters, 
mainly in the fi eld of offset printing inks, but new vegetable oils, such as rubber seed, karinatta, orange seed and 
melon seed oils were recently employed for this purpose  [80] . Different anhydrides have been used to prepare 
alkyd resins, namely: maleic ( MAA ), succinic ( SA ), glutaric ( GA ), and phthalic ( PA )  [81] . Generally, in coating 
and printing, the drying time is one of the most relevant parameters. Resins prepared with  MAA  showed the best 
water resistance properties and the shortest drying time when  SFO  was used as the oil base.
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 Liquid crystals from alkyd resins were reported 20 years ago  [82, 83] . They were investigated with the aim 
of using them as coatings because they could be processed without a solvent and gave improved fi lm properties. 
These materials were prepared by reacting p -hydroxybenzoic acid ( PHBA ) with hydroxy- or carboxy-terminated, 
or SA -modifi ed alkydresins, as shown in  Scheme 3.9   . 

 Ecology-friendly water-based organic coatings have attracted much attention because of the absence of volatile 
organic compounds. For this purpose, ammonium salts of alkyd resins with high acid numbers have been used suc-
cessfully [84–86] . Nakayama  [87]  prepared oil-based resin blends for water-borne paints by copolymerizing  ST , 
MMA  or  AA  with unsaturated fatty acid esterifi ed glycidyl methacrylate. One of the resins reported in this study was 
an ST -allylalcohol copolymer, which was fi rst esterifi ed with  LO  fatty acids and then maleinized  [87] . 

 Recently reported highly branched oil-based alkyd resins were shown to be particularly interesting because their 
reduced viscosity allowed high solid contents coatings to be prepared  [88] . 

 Rubber seed oils ( RSO ) have also been used to prepare alkyd emulsions after their modifi cation with  MAA  and 
PA , which produced water-soluble alkyd materials  [86] . 

 In another approach,  RSO -based polyesters were prepared as shown in  Scheme 3.10    and showed good chemi-
cal resistance [89] . Similar work based on the hydrosilylation of fatty acids and the preparation of hybrid organic–
inorganic materials has also been reported  [90] . 
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 A series of monooleate-polyethylene glycols with active carboxy functions arising from the condensation of 
succinic anhydride has been recently reported  [91] . Their molecular weights, determined by GPC, varied from 760 
to 10,340, depending on the reaction conditions and the monomers ’  stoichiometry. Partially bio-based unsaturated 
polyesters, containing epoxidized methyl linseedate, were prepared and showed that up to 25 per cent w/w of lin-
seedate could be included into these formulations  [92] . The incorporation of this vegetable oil derivative improved 
the thermal and mechanical properties of the ensuing polyesters.  

  3.4.11     Oil-based poly(hydroxyalcanoates) 

 Polyhydroxyalkanoates (PHAs) have attracted much attention because of their renewable character and good prop-
erties [93] , as discussed in detail in Chapter 22. Vegetable oils are among the different feeding sources for the 
bacteria and only some features specifi c to this issue will be discussed in this chapter. Tallow oil has been used to 
prepare a semi-crystalline medium chain-length PHA, using the Pseudomonas resinovorans  bacterium, with a Tg 
of � 43°C and a melting temperature of 43°C  [94] . The presence of insaturations within the side chains produced 
crosslinked materials when this PHA was irradiated with  � -rays. The radiation doses were found to increase the 
tensile properties of the fi lms, but reduce their rate of biodegradation. Blends of tallow- and  LO -based PHAs 
were also prepared and characterized [94] . Two years later, the same group prepared medium chain-length  LO -
based PHA ( PHA–L ), as a viscous liquid polymer  [95] . The side chain insaturations were then converted into 
epoxy moieties ( PHA–LE ), using  m -chloroperoxibenzoic acid, as shown in  Scheme 3.11   .  Figure 3.11    shows the 
13 C-NMR spectra of the  PHA–L  before and after epoxidation. As expected, the epoxidation increased the cross-
linking rate and the tensile strengths of the corresponding networks. 

 The preparation of medium chain-length PHA using  LO  and  Pseudomonas putida  has also been reported 
 [96] . These resins displayed a high ability to undergo oxidative drying (high amount of insaturations within the 
fatty acid side chains) and the ensuing paints had excellent coating properties with good adhesion to different sub-
strates [96] .

  3.4.12     Miscellaneous 

 A wide variety of polymeric materials, other than those discussed previously, are described in the literature. Given 
once again the availability of recent monographs  [1–5] , we will limit our treatment of this rather marginal system, 
to some relevant examples. Polynaphthols were synthesized by combining artifi cial urushi and triglyceride  [97,
98]  and, in another vein, acrylic diene metathesis polymerization was applied to triglyceride  [99–101] . Composites 
with oil-based matrices have been frequently described [4] and continue to arise interest as shown by recent con-
tributions  [102–104] . 
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 Figure 3.11     13 C-NMR spectra of (a)  PHA–L  and (b)  PHA-LE . (Reproduced by permission of Elsevier. Copyright 
2000. Reprinted from Reference [95]).      
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 Trumbo and Mote prepared crosslinked networks from  TO  ( Scheme 3.12   ),  via  a Diels–Alder reaction  [105] , 
using 1,6-hexanediol- and 1,4-butanediol-diacrylates. They characterized their product and showed that some 
combinations gave fi lms with 95 per cent of gel fraction.  Scheme 3.13    shows the idealized network structure pro-
posed by these authors. The corresponding fi lms had high gloss and good solvent resistance. 

 Buriti oil ( BO ) was mixed with  PST  or  PMMA  and the ensuing blends characterized in terms of absorption 
and photoluminescence properties associated with the specifi c structure of this oil extracted from an Amazonian 
palm tree [106] . Liu  et al . reported very recently that  SOYO  can be homo-polymerized in CO 2  supercritical condi-
tions by cationic initiation with BFE  without using a co-monomer  [107] . 

 Electrically conductive polyurethane membranes based on  CO  and doped with sulfonated polyaniline were pre-
pared and characterized  [108] . Their Tgs varied from  � 8 to 28°C, depending on the NCO/OH ratio. 

SOYO  ’ s fatty acid was transformed into the corresponding terminal oxazoline derivative, which was then 
polymerized using a microwave assisted technology ( Scheme 3.14   )  [109] .   This polymer was found to crosslink 
when irradiated by UV light, because of the insaturations borne by the SOYO  alkyl chains  [109] . 

 The inclusion of carbon black into polymers based on  ASOYO  was shown to display interesting modulated elec-
trical resistivity, as a function of the fi ller content  [110] . A percolation threshold was attained with only 1.2 per cent 
of carbon black and an associated resistivity of about 10 11         �        cm. 

 A recent original approach to the use of vegetable oils as precursors to polyurethanes describes the ozone-
induced oxidation of the single insaturations borne by each chain of canola oil triglyceride followed by the cleav-
age and hydroxylation of the ensuing end groups ( Scheme 3.15   )  [110] . This triol macromonomer was then mixed 
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with MDI to prepare the corresponding polyurethanes which were thoroughly characterized. However, given the 
rather tortuous pathway leading to the triol and the fact that a half of the aliphatic carbon chain is lost in this proc-
ess, the actual economic feasibility of this approach is doubtful. 

  3.5     CONCLUSIONS 

 The aim of this chapter was to highlight the potentiality of triglyceride oils in the fi eld of the synthesis of poly-
meric materials from renewable resources and the main messages we tried to deliver are that: 

       (i)      the presence of oil or oil derivatives (fatty acid chains) in different formulations for coating or printing 
improves the optical (gloss), physical (fl exibility, adhesion) and chemical properties (resistances to water 
and chemicals) of the cured fi lms;  

     (ii)      in some instances, soybean oil-based polymeric materials have properties comparable with those of petro-
leum-based counterparts;  

  (iii)      the modifi cation of these oils can lead to macromonomers susceptible to polymerize via very fast light-
induced mechanisms, a fact that again compares favourably with the behaviour of equivalent acrylic 
formulations.

 The almost simultaneous publication of reviews and monographs on the topic covered by this chapter, together 
with the increasing fl ow of more specifi c studies covering a wide range of oils and related chemical modifi cations, 
represent indisputable proof about the relevance of this realm.  
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  ABSTRACT 

 Rosin exploitation, a part of the so-called Naval Stores Industry, is at least as old as the construction of 
wooden naval vessels. In recent years, rosin components have attracted a renewed attention, notably as 
sources of monomers for polymers synthesis. The purpose of the present chapter is to provide a general 
overview of the major sources and composition of rosin. It deals therefore with essential features such 
as the structure and chemical reactivity of its most important components, viz. the resin acids, and the 
synthesis of a variety of their derivatives. This chemical approach is then followed by a detailed discus-
sion of the relevant applications, the resin acids and their derivatives, namely in polymer synthesis and 
processing, paper sizing, emulsion polymerization, adhesive tack and printing inks, among others. 

 Keywords 

 Rosin, Resin acids, Chemical modifi cation, Paper sizing, Emulsion polymerization, Adhesive tack, 
Polymer chemistry and processing, Printing inks 

  4.1     INTRODUCTION 

 Rosin exploitation, a part of the so-called Naval Stores Industry, is at least as old as the construction of wooden 
naval vessels. It was however only during the fi rst half of the twentieth century that the chemistry of this natural 
resource was studied in detail and new transformations and applications developed on a more scientifi c basis. 
A vast number of papers and patents are available on these topics and most of the relevant information were 
comprehensively reviewed in the classical book edited by Zinkel and Russell in 1989  [1] , which covered all 
aspects, from the sources and processing, to the chemistry and applications of this versatile raw material. A less 
exhaustive survey, devoted to rosin applications for polymer synthesis, was also published in the same year by 
Maiti et al.   [2] . 

 Although the overall exploitation of rosin and its derivatives has been declining over the past few decades, it is the 
predicted depletion of fossil resources that is driving both the scientifi c community and industry to look for alterna-
tive renewable resources for the production of chemical commodities. It seems therefore logical that these abundant 
and cheap resins should witness an important comeback. 

 The purpose of the present chapter is to provide a general overview of the major sources, properties and both trad-
itional and novel applications of rosin components, with particular emphasis on the most relevant contributions of the 
last couple of decades dealing with rosin as a source of monomers or additives for polymeric materials. A detailed 
analysis of the extensive bibliography on the various chemical transformations, as well as on other applications of 
rosin, falls outside the scope of this chapter, given the aim of this book. 

 Rosin, also known as colophony, is the common designation given to the non-volatile residue, mainly com-
posed of resin acids, obtained after the distillation of the resin exuded by many conifer trees as a faintly aromatic, 
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semi-transparent brittle solid. The most important source of rosin is pine trees ( Pinus  genus), not only because they 
are widespread in the Northern Hemisphere, but also because of their intensive use in the timber and pulp industries. 

 For historical reasons, pine resin was known as  “ Naval Stores ” , because of its use in the waterproofi ng of 
wooden ships. Depending on the way pine resin is isolated from wood, three products are distinguished, namely (i) 
gum naval stores , obtained by tapping living trees; (ii)  sulphate naval stores , also known as tall oil rosin, recovered
during the kraft pulping of pine wood and (iii)  wood naval stores , also known as wood rosin, obtained from the 
solvent extraction of harvested wood. 

 The total world rosin production tended to decline between the 1960s and the 1980s. However, statistics published 
in the 1980s [3]  and in 1994  [4] , show that the rosin production stabilized at around 1.0–1.2 million tons per year. 
According to the 1994 survey  [4] , gum rosin amounted to 60 per cent of world production, tall oil rosin to around 35 
per cent and wood rosin to only a few percent. 

 The evolution of gum rosin production has been affected by two distinct factors, viz. the intense competition 
of petroleum-based counterparts and the growing costs of man-power involved in tree tapping and resin recovery. 
Competition from petroleum-based products was quite strong in the second half of the twentieth century, given the 
ready availability, low cost and technological development of petrochemicals. As already pointed out, this trend 
might be reversed in view of the increasing costs of fossil resources which will probably stimulate novel fundamental 
and applied research on the exploitation of rosin as a source of chemicals and materials. High man-power costs have 
contributed to the decline of gum rosin production in the industrialized North-American and European countries with 
the result of shifting it to other areas of the world such as China and Indonesia, which in the mid-1990s were already 
responsible for 60 and 10 per cent of world production, respectively. Whereas production in China is unlikely to grow 
any further because of limiting forestry factors, Indonesia still has a signifi cant growth potential  [4] . Brazil, Russia 
and Portugal were once also important producers, but they too are witnessing a signifi cant drop in production  [4] . 

  4.2     ROSIN CHEMICAL COMPOSITION 

 Regardless of its origin (gum, wood or tall oil), rosin is mainly composed (90–95 per cent) of diterpenic mono-
carboxylic acids, commonly known as resin acids whose generic formula is C 19 H 29 COOH. The remaining compon-
ents are essentially made up of neutral compounds, the nature of which depends on the specifi c origin of the rosin 
 [5] . The most common resin acids found in pine rosin are derived from the three basic tricyclic carbon skeletons 
abietane, pimarane and isopimarane and the less common bicyclic labdane skeleton ( Fig. 4.1   ). 

 The abietane skeleton is shared by four resin acids ( Fig. 4.2   ), namely abietic, neoabietic, palustric and levopi-
maric acids. The structures of these compounds, generally known as abietadienoic acids, differ only in the pos-
ition of the conjugated double bond system, which is an important feature of this group of resin acids, because it 

Abietane Pimarane

Isopimarane Labdane

 Figure 4.1        Diterpene carbon skeletons found in the most common resin acids.    
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infl uences their chemical reactivity and hence the applications of the ensuing products, as discussed below. The 
aromatic dehydroabietic acid is also found in small and variable amounts in various rosin species. 

 The most common pimarane-type acids are pimaric, isopimaric and sandaracopimaric acids ( Fig. 4.3   ). Compared 
with the abietic counterparts, not only is the basic skeleton different but, more importantly, the double bond system 
is now not conjugated, a fact which reduces signifi cantly the possible chemical exploitation of these compounds. 

 Although abietic-type acids are the dominant structures in most rosins, their relative abundance is quite variable, 
depending on the pine species and geographic origin. Furthermore, processing and handling conditions ( e.g.  temperature 
and pH) can induce the isomerization of the double bond system, leading to equilibrium mixtures, as discussed below. 

 From an industrial perspective, the quality of rosin and rosin derivatives is assessed on the basis of four basic 
parameters  [4, 6] , namely: 

  (1)     The  acid number,  which is a measure of the amount of free carboxylic groups; a decrease in this value is 
indicative of decarboxylation and/or functionalization of the carboxylic moieties.  

  (2)     The  saponifi cation number , which is a measure of the total amount of carboxylic groups; a decrease in this 
value is indicative of resin acid decarboxylation.  

  (3)     The  colour , whose intensity is a key detrimental factor in many applications, is a measure of rosin oxidation; 
an increase in colour intensity is therefore an indication of decreasing quality.  

  (4)     The  softening point , which is in fact a measure of the glass transition temperature associated with these com-
plex mixtures of glassy  materials; its value strongly infl uences the possible applications of these resins, as 
discussed below.     

COOH

Abietic acid

COOH

Neoabietic acid

COOH

Levopimaric acid

COOH

Palustric acid

COOH

Dehydroabietic acid

 Figure 4.2        Structures of the most common abietane-type resin acids.    

COOH

Pimaric acid
COOH

Isopimaric acid
COOH

Sandaracopimaric acid

 Figure 4.3        Structures of the most common pimarane-type resin acids.    
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  4.3     RESIN ACIDS CHEMICAL REACTIVITY 

 The chemical reactivity of resin acids is determined by the presence of both the double- bond system and the COOH 
group [5] . The carboxylic group is mainly involved in esterifi cation, salt formation, decarboxylation, nitrile and 
anhydrides formation, etc. These reactions are obviously relevant to both abietic- and pimaric-type acids ( Figs 4.1 
and 4.3 , respectively). The olefi nic system can be involved in oxidation, reduction, hydrogenation and dehydrogen-
ation reactions. Given the conjugated character of this system in the abietic-type acids, and the enhanced reactivity 
associated with it, much more attention has been devoted to these structures. In terms of industrial applications, salt 
formation, esterifi cation, and Diels–Alder additions are the most relevant reactions of resin acids. 

  4.3.1     Reactions of the olefi n system 

 The conjugated double bond system of abietadienoic acids is simultaneously a source of instability, detrimental 
for many rosin applications and, conversely, an interesting reactive centre for further modifi cations. 

  4.3.1.1       Oxidation, hydrogenation and dehydrogenation 

 The conjugated double bond is responsible for rosin yellowing arising from oxygen addition, isomerization and 
other reactions. In many applications, this colouring is associated with a loss of product quality. Oxygen add-
ition is normally photochemically induced, leading to the formation of epoxides, hydroxylated derivatives and 
endoperoxides [7]  ( Fig. 4.4   ). These unwanted reactions can be suppressed by dehydrogenation or hydrogenation 
processes.

 Rosin dehydrogenation leads to the removal of hydrogen, which, after double bond rearrangement, converts 
abietadienoic acids into dehydroabietic acid  [5, 8–11] . This reaction is normally carried out at high temperatures 
(200–300°C), often in the presence of catalysts like metals ( e.g.  Pd, Ni), sulphur or iodine. The hydrogen thus 
released reacts in situ  by adding to the pimaradienoic acids and, to a smaller extent, to the abietadienoic acids. 
Both reactions contribute to the rosin stabilization and these products are known as disproportionated rosins. 

 If dehydrogenation is carried out at extreme temperatures and/or for long reaction times, the reaction proceeds more 
extensively and is accompanied by decarboxylation to form the neutral aromatic compound retene ( Fig. 4.5   )  [5] . 
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 Figure 4.4        Oxidation of levopimaric acid with formation of an endoperoxide.    
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 Figure 4.5        Conversion of abietadienoic acids into dehydroabietic acid and retene.    
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  4.3.1.2       Functionalization of dehydroabietic acid aromatic ring 

 Dehydroabietic acid can undergo typical aromatic substitution reactions ( e.g.  acylation, chlorosulphonation, sulphon-
ation and nitration) with preferential functionalization of the more reactive 12 position, followed in some cases by the 
14 position. These reactions were fi rst exploited in the 1930s–1940s  [5, 12–14] . The nitration of dehydroabietic acid 
( Fig. 4.6   ) was one of the fi rst reactions studied because of the synthetic versatility of the nitro group, namely as pre-
cursor of amino groups  [14] . More recently, this reaction has been optimized using less harsh conditions  [15, 16] .

 Hydrogenation is an effi cient method for rosin stabilization. The reduction of the fi rst (conjugated) double bond 
of abietadienoic acids with hydrogen in the presence of metal catalysts is relatively straightforward and frequently 
the ensuing dihydro-derivatives are stable enough for most applications. The reduction of the remaining double 
bond requires more severe conditions, but this process becomes necessary in the case of more stringent applica-
tions in terms of colour stability and oxygen resistance, such as with long-lifetime sealing agents, air-exposed 
varnishes, or even fresh-fruit fi lm covering. These partially or fully hydrogenated rosins can then be used as pre-
cursors to other derivatives through the modifi cation of the carboxylic functionality.  

  4.3.1.3       Isomerization 

 The chemical modifi cations of abietic-type acids through the conjugated double bond system must take into 
account a fundamental feature of these moieties, viz. their proneness to isomerization under heat and/or acidic 
conditions  [17–22] . Thus, for example, abietadienoic acid mixtures undergo isomerization to give an equilibrium 
mixture of products in which abietic acid is the major component ( � 80 per cent), followed by palustric ( � 14 per 
cent) and neoabietic acids ( � 5 per cent), whereas levopimaric acid is only formed in trace amounts.  Figure 4.7 
shows the general mechanism of this isomerization process.  
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 Figure 4.7        Mechanism of the acid-catalyzed isomerization of abietadienoic resin acids.    
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  4.3.1.4       Diels–Alder reactions 

 When the Diels–Alder reaction with dienophiles is used to convert these acids into novel materials, its occurrence is 
optimized by the concomitant isomerization process giving levopimaric acid, which is the only homologue capable 
of producing an adduct. The equilibrium shown in  Fig. 4.7  is then displaced by the consumption of levopimaric acid 
and the entire mixture is thus progressively consumed  [5] . If, however, isomerization is minimized, this reaction can 
be used to isolate and quantify levopimaric acid  [23] . Although the Diels–Alder reaction occurs essentially with lev-
opimaric acid, it has been shown that in some instances it also takes place with palustric acid  [24] . 

 The Diels–Alder adduct between levopimaric acid and maleic anhydride, maleopimaric anhydride ( Fig. 4.8   ) and 
the corresponding diacid are certainly the most important derivatives of this family mainly because of their appli-
cations in various domains. Levopimaric acid has also been used in the preparation of other adducts with a wide 
variety of dienophiles such as fumaric acid, acrylonitrile, acrylic acid, vinyl acetate and tetracyanoethylene  [5] . 

 The Diels–Alder reaction with maleic acid esters can be easily performed  [25] . However, when it is carried out 
at high temperature ( � 250°C), partial decarboxylation takes place, with formation of ketone-type dimers  [26] , 
yielding polyfunctional derivatives ( Fig. 4.9   ) that could be good monomeric units for polymer synthesis  [27] . 

 The functionalities of several Diels–Alder adducts, or their derivatives, have been thoroughly exploited in the 
synthesis of polymeric materials, as discussed below.  
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 Figure 4.8        Diels–Alder reaction of levopimaric acid with maleic anhydride.    
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  4.3.1.5       Reactions with formaldehyde and phenol 

 Other relevant reactions of resin acids are those involving their addition to formaldehyde and/or phenols. 
Formaldehyde adds to abietic acid to form complex mixtures containing mono and dihydroxymethyl derivatives 
 [28–31] . Under alkaline conditions, the formation of the mono derivative is favoured, whereas in acetic acid, the 
dihomologue (isolated as acetate) is the major product ( Fig. 4.10   ). More recently, studies of the acid-catalyzed 
condensation of abietic acid with formaldehyde showed that, under such conditions the reactions mixtures were 
predominantly composed of trimeric structures  [26, 32] . 

 Since rosin can react with formaldehyde in a similar way as phenol, rosin components have also been used in the 
preparation of the corresponding rosin–phenol–formaldehyde resins with molecular weights and solubility that are 
adequate for their incorporation into printing inks. The incorporation of rosin components into phenol–formaldehyde 
prepolymers can occur through esterifi cation or methylol condensation at one of the unsaturated carbons ( Fig. 4.11   ). 
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 Another approach for the preparation of rosin-modifi ed phenolics  [33]  involves the formation of quinoneme-
thide by the reaction between phenol and formaldehyde, which then undergoes Diels–Alder addition with the less 
hindered abietic acid double bond forming a chromane-type derivative ( Fig. 4.12   ). 

 Similar chromane structures ( Fig. 4.13   ) can also be prepared by the reaction of abietic acid with dipheny-
lolpropane [34] . 

 Resins similar to those described in  Fig. 4.11  were prepared by the reaction of abietic acid with aniline and for-
maldehyde, with application in pressure-sensitive adhesives  [35] . 

 Levopimaric acid can also form a Diels–Alder adduct with formaldehyde  [5, 36, 37]  that can easily undergo 
acid cleavage to yield a 12-hydroxymethylabietic acid, which, in turn, can be converted into the corresponding 
12-hydroxymethylabiet-8-enoic acid and 12-hydroxymethylabietol derivatives ( Fig. 4.14   ). These hydroxymethyl-
ated abietanols have been used as co-monomers in the synthesis of polyurethane  [38, 39]  and polyester  [39]  fi lms 
and the corresponding alkoxylated derivatives in the preparation of polyurethane foams  [40]  and fi lms  [41] . 

 Under strong acidic conditions and high temperatures, abietic-type acids can undergo dimerization  [5, 42–44] .
Although this transformation is frequently referred to as polymerization , the complex mixtures formed are pre-
dominantly composed of dimers ( Fig. 4.15   ), with minor amounts of trimers  [45] . These rosin derivatives fi nd 
applications in printing inks. 
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 Figure 4.13        Formation of a chromane-type derivative of abietic acid by reaction with diphenylolpropane.    
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  4.3.2     Reactions of the carboxylic group 

 Na, Mg, Ca, Zn, Al and ammonium resin acid salts are produced industrially  [5] , albeit their relative importance 
has been shifting with time because of changes in their relevant applications. Na, K and ammonium salts are par-
tially water soluble and were used as soaps in the past. Presently, resin acids sodium salts are mainly used as inter-
mediates in paper sizing. 

 The esterifi cation of resin acids is carried out industrially at high temperatures (260–300°C) using metal oxides 
as catalysts. The most common commercially available esters are those with methanol and polyols like ethylene gly-
col, diethylene glycol, glycerol and pentaerythritol. Glycerol esters were the fi rst to be used in protective coatings, 
although pentaerythritol esters are harder and more durable for varnishes. The methyl esters are normally used as 
plasticizing agents, as described below. 

 The alkoxylation of free resin acids with reagents such as ethylene oxide, yields hydroxyl-terminated esters 
which can easily undergo polymerization with an excess of ethylene oxide to produce polyethers of variable chain 
lengths  [46] . These rosin derivatives can be used as chain extenders in the manufacture of polyurethane foams  [46] . 

  4.3.3     Miscellaneous reactions 

 Other chemical transformations involving the carboxylic group have been explored, although their practical inter-
est remains marginal. Anhydrides can be prepared by refl uxing the corresponding acid in acetic anhydride  [5] . 
These derivatives have found modest applications as such ( e.g.  in paper sizing), but they are also useful as precur-
sors to nitrogen derivatives  [5] . Rosin amines can be prepared from the corresponding nitriles (Eq. 4. 1 ) by the 
reaction of molten rosin with ammonia at high temperature [5] : 

RCOOH NH [RCONH ] RCN RCH NH2 2 2� 3 → → → (4.1)

 Dehydroabietylamine ( Fig. 4.16   ) and the corresponding ammonium salts fi nd a wide diversity of uses from cat-
ionic fl otation agents to antioxidants, fungicides and anticorrosion materials  [5] . 

 The reduction of methyl dehydroabietate at high temperature leads to the formation of dehydroabietanol ( Fig. 4.16 ),
whose light colour and high stability make it a useful intermediate for the synthesis of a variety of esters used in 
protective coatings, adhesives and plasticizers  [5] .

  4.4     MAJOR APPLICATIONS OF ROSIN AND DERIVATIVES 

  4.4.1     Paper sizing 

 Given the intrinsic hydrophylic character of cellulose fi bres, specifi c additives are introduced into most papers to 
reduce this tendency to different extents according to their specifi c use, for example, to minimize the penetration of 
aqueous liquids, or the excessive wetting associated with certain printing processes  [47] . This partial hydrophobization
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 Figure 4.16        Structures of dehydroabietylamine and dehydroabietanol.    
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can be achieved by bulk or surface treatment with adequate agents, which bind to the fi bres ’  surface, either chemically 
or by other less strong interactions. This treatment is known as paper sizing. Among the numerous reagents tested for 
this purpose  [48] , three families dominate the actual industrial sizing namely, rosin and alum (aluminium sulphate), 
alkenyl succinic anhydrides (ASA) and alkyl ketene dimers (AKD)  [47–50] . Sizing with rosin/alum was invented in 
1807  [47, 49, 50]  and had been the most important process up to the middle of the last century. However, the acidic 
conditions associated with its implementation was the main reason for its progressive abandonment because, on the 
one hand, cellulose degrades slowly by acid-catalyzed hydrolysis, thus inducing a progressive loss in the mechanical 
strength of the paper sheet and, on the other hand, acidic papers are incompatible with calcium carbonate, a very fre-
quently used fi ller. 

 These problems provoked a steady decrease in the utilization of rosin alum in favour of the alternative use of 
AKD and ASA. However, since these sizing agents also have some drawbacks and are rather costly, research deal-
ing with the implementation of rosin sizing under neutral conditions has been a continuous topic of investigation 
 [48] . Rosin can be used in paper sizing in three forms, namely as sodium salts (known as neutral rosin), free rosin 
acids and modifi ed rosin products. One of the most important rosin derivatives in this context is the maleopima-
ric acid adduct ( Fig. 4.8 ), whose incorporation (8–15 per cent) into the sizing composition (a process referred to 
as “ fortifi cation ” ) provides a marked improvement in effi ciency compared with unmodifi ed rosin  [47] . Similar 
improvements can be achieved with fumaric or itaconic acid adducts, among others, although the maleopimaric 
acid adduct dominates the industrial applications of this family of agents. 

 Despite the increased hydrophilicity associated with the tricarboxylic functionality of the maleopimaric acid 
adduct, the corresponding increased anionicity reduces the tendency of the sizing agent to agglomerate and pro-
motes a more uniform spreading over the sheet surface, while also increasing the reactivity with alum to form the 
corresponding aluminium rosinate, which is the actual sizing agent. 

 Several theories have been proposed to rationalize the mechanism of paper sizing with rosin  [47, 49, 50] . An 
outline of the most relevant features involved in this process is provided here. Given that the cellulose surface is 
polar and negatively charged, the interaction with the sizing agent involves the  in situ  formation of an aluminium 
resinate, where the aluminium ions establish an electrostatic interaction between the negatively charged carboxylic 
groups of the resinate and the sheet surface ( Fig. 4.17 ) .

 The uniform dispersion of the sizing agent over the cellulose surface, together with the alignment of the aliphatic 
triterpene skeletons away from the cellulose surface, creates a hydrophobic water-repellent layer ( Fig. 4.17   ). 

 Effective sizing requires the presence of aluminium soluble complexes capable of exchanging one coordinating 
water molecule for a resinate anion, thus preserving the cationic nature of the ensuing species. An increase in the pH 
leads to a corresponding increase in the exchange between the coordinating water molecules and the hydroxy anions. 
Further water exchange with resinates can lead to the formation of neutral entities unable to interact with the cellu-
lose surface, or, at even higher pH values, to the precipitation of aluminium hydroxide. This explains why sizing with 
rosin and alum is carried out normally in the pH range of 4–5.5 [49] . The inevitable requirements associated with 
rosin sizing at higher pH values are that, on the one hand, aluminium must remain in solution and, on the other hand, 
that its associated complexes are still cationic. The replacement of alum by other aluminium salts, such as polyalu-
minium chloride, was one of the fi rst approaches in this context  [48, 49] . Since then, many other additives have been 
tested in order to improve the cationicity of the aluminium species in neutral to basic conditions, so that rosin siz-
ing can be applied to papermaking without the problems associated with acidity. Among them, nitrogen-containing 
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 Figure 4.17        Interaction of aluminium resinates with cellulose surface.    
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polymers, namely polyamines  [51–53]  and polyimines  [54–57] , sometimes in conjunction with rosin esters  [58–61] , 
have attracted much attention because of their considerable cationic charge in neutral conditions. Despite these and 
other recent endeavours  [62–67] , some authors are still sceptical about the viability of the use of rosin in neutral/alka-
line sizing  [54, 55] .  

  4.4.2     Emulsifi cation 

 Because of their amphiphilic character, alkali resinates have been exploited both as polymer latex stabilizers and as 
surfactants in emulsion polymerization from the early development of these techniques, as in the pre-Second World 
War industrial example of the polymerization of 2-chloro-1,3-butadiene, to produce neoprene  [68] . In the following 
decades, other emulsion polymerizations systems, like the synthesis of styrene–butadiene copolymers  [68, 69] , also 
called upon these surfactants, which are still being envisaged today, for example, for the polymerization of styrene 
 [70]  and chloroprene  [71] . However, the reactivity of the conjugated double bond towards free radicals has made it 
more profi table to use hydrogenated or dehydrogenated rosins rather than their natural forms  [68, 72] .  

  4.4.3     Adhesive tack 

 As with most of the other sections of this chapter, the basic reference to the applications of rosin and its deriva-
tives as components of adhesive formulations up to the mid-1980s, is the corresponding chapter by Kennedy  et al. 
  [73]  of the classical Naval Store book. The major emphasis in that chapter was placed on the tackifying properties 
of rosin-based resins in pressure-sensitive, hot melt and sealant adhesives. Therefore, before proceeding to a criti-
cal bibliographic survey, it seems appropriate to defi ne the concept of tack and its repercussion in the broad area of 
adhesion, as opposed to other contexts, like printing inks, paints and coatings. 

 Adhesive tack is the property that controls the instantaneous formation of a bond when an adhesive and a surface 
are brought into contact. In other words, tack is a measure of the  “ stickiness ”  of an adhesive while still in a liquid 
or viscoelastic state, or simply the resistance to separation which is rate and temperature dependent and involves 
viscoelastic deformation of the bulk adhesive. The appropriate measurement is the work expended in separation, 
rather than the force used. The critical features of tack are characterized by the “ wetting stage ” , controlled by the 
surface energy, viscosity and thickness of the adhesive, and the debonding stage (peel strength), which is strongly 
infl uenced by the viscoelastic response of the adhesive. Although tack tests are generally simple to perform, this 
parameter lacks a strict physical defi nition or unit and the values obtained on a given apparatus are self-consistent, 
but not comparable with those from a different measuring system. Maximum tack occurs when the conditions of 
measurement and the properties of the tacky material combine to have a high energy loss within the adhesive mate-
rial. This is the basis for the formulation and incorporation of “ tackifi ers ”  in adhesive formulations. 

 In the empirical world of tack experts, many professional terms are employed, like  “ green strength ”  (as initial 
tack is sometimes called), which relate to the resistance to separation before the adhesive has had a chance to vul-
canize or crosslink. This characteristic may also be called “ quick tack ”  or  “ aggressive tack ” . It may be one of the 
most important properties in determining the suitability of an adhesive, such as that placed on a pressure-sensitive 
tape, for a certain application. Associated with tack is “ dry tack ” , which is a property of certain adhesives to stick 
to one another even though they seem to be dry to the touch. Autohesive tack (or autohesion) is the dry tack between 
materials having similar chemical compositions.  “ Tack range ”  is the time that an adhesive will remain in a tacky 
condition.

 The relative decline in interest in using rosin as a tackifi er in adhesive formulations, clearly refl ected by the 
paucity of publications up to the mid-1990s, is counterbalanced by a dramatic increase in the number of papers 
published in the last decade in scientifi c and technical journals (more than 50), as predicted by an editorial in 
Chemical Week in 1995  [74] . A selection from this large output is given here to summarize some of the most sali-
ent features arising from the return to the utilization of this renewable resource as a key adhesive component. 

 A study of the surface properties of pentaerythritol rosin ester  [75]  showed that the most abundant moieties 
crowding this surface are the ester groups and that the surface energy was composed of a dispersive contribution of 
� 22        mJ m � 2  and a polar one of  � 10        mJ m � 2 . This relatively low surface tension, compared with that of many polar 
polymers and indeed with most surfaces to be glued, explains in part the tackifying role of rosin derivatives added 
to polymer adhesive bases. 
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 Rosin esters have been incorporated into a variety of macromolecules with potential adhesive properties in 
order to enhance their tack and in many of these studies the benefi cial effect was compared with that of terpene 
and hydrocarbon resins. The polymer substrates include ethylene–vinyl acetate copolymers  [76–78] , natural rub-
ber [79]  and thermoplastic elastomers  [80, 81] , polyurethanes, where the rosin derivatives participate chemically 
in the polymer growth  [82, 83]  and acrylic resins in organic media  [84]  and as water emulsions  [85] . Pressure-
sensitive adhesives as well as hot melts were thus characterized in terms of tack and peel strength as a function of 
a variety of parameters, including the composition and average molecular weight of the base polymer, the amount 
of added tackifi er and its miscibility in the polymer. Rosin esters gave satisfactory results with most polymers after 
the appropriate optimization of the adhesive compositions and compared favourably with other natural (terpenic) 
and synthetic (petroleum-based oligomers) tackifi ers. 

 Some rosin derivatives have been found to provoke allergies  [86] , particularly if they are present in curative 
plasters.

  4.4.4     Polymer chemistry and processing 

 Maiti  et al.   [2]  thoroughly reviewed the technical literature up to the late 1980s related to the use of rosin and its 
derivatives as monomers or co-monomers in a variety of polymerization systems, as well as the properties of the 
ensuing polymers. Most of the documents cited in this monograph were patents unavailable to us, whose scientifi c 
content was therefore diffi cult to judge, but nonetheless, the interest of this survey lies in the fact that it empha-
sizes the extensive search of materials based on rosin. Some clear-cut investigations in this context are described 
here as typical examples of the exploitation of rosin and its derivatives as polymer precursors. 

 Maleopimaric anhydride can react with amines to form maleimides. If diamines are used, the corresponding 
maleimide-amines can be polymerized through a step process ( Fig. 4.18 ), involving the condensation of the carb-
oxylic moiety with the primary amine to form a poly(amide-imide), which was used in the formulation of gravure 
printing inks [87] . 

 These poly(amide-imide) materials were extensively studied in the 1980s in various aspects ( e.g . synthesis and 
preparation of blends with other polymeric materials),  [2, 88–96]  demonstrating the increasing interest in these 
materials. More recently, water soluble polyamides and poly(amide-imide)s  [97]  as well as polyhydroxyimides 
 [98]  structurally analogous to those described in  Fig. 4.18    have been reported. Additionally, photoactive polymers 
were prepared by the condensation of a maleopimaric adduct with azo-dye type diamines [99] . The levopimaric 
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adduct with acrylic acid has been used as a polycondensation monomer, both as a diacid in the synthesis of poly-
esters  [2, 100]  and, after conversion of its two carboxylic groups into isocyanate functions, as a co-monomer in the 
preparation of polyurethanes [101] . 

 Maleopimaric acid and its anhydride were converted into the corresponding peroxides with the aid of an organic 
peroxide and used as reactive compatibilizers in the extrusion of polyethylene and polyamide 6  [102] . The ensuing 
blends showed improved mechanical properties compared with those of physical mixtures of the two polymers, 
suggesting that the rosin-based peroxide had indeed played an active role in enhancing the quality of the interface 
between the two polymers. 

 The maleopimaric and acrylopimaric adducts, after a three-step synthesis with ethylene glycol catalyzed by 
p -toluene sulphonic acid ( p TSA), followed by epychlorydrine and by acrylic or methacrylic acid, led to the forma-
tion of vinyl-type ester monomers ( Fig. 4.19   ), which were then submitted to radical copolymerization with styrene 
and tested as metal coatings [103] . A similar approach to coating materials was recently applied to prepare unsat-
urated polyester resins based on resin acid adducts, glycols and maleic anhydride [104, 105] . 
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 Figure 4.19        Synthesis of vinyl-type ester monomers from the maleopimaric adduct  [103] .    



Monomers, Polymers and Composites from Renewable Resources, M.N. Belgacem & A. Gandini 81

 As shown above ( Fig. 4.9 ), maleopimaric anhydride can be converted into diallyl derivatives  [25] , which can be 
further converted into dimeric-type ketones  [27] . Both intermediates were used in polymerization tests that yielded 
crosslinked materials  [25, 27] . 

 When resin acid ketone dimers  [26]  (bisdienes) were submitted to the Diels–Alder reaction with an aromatic 
bismaleimide  [106] , high molecular weight thermally stable polyimides were obtained ( Fig. 4.20   ). Similar mater-
ials were also prepared using resin acid dimers and aliphatic bismaleimides, as well as bisacrilamides [107] . 
Acrylonitrile adducts with resin acid dimers were also used as intermediates for the synthesis of polyamides with 
aliphatic diamines [108] . 

 Resin acid dimer adducts with maleic anhydride and acrylic acid were also used to prepare epoxy resins  [107,
109] . The epoxy precursors were prepared by the reaction of the Diels–Alder adducts with di(ethanol)amine, 
followed by treatment with epychlorydrine under alkaline conditions, as shown in  Fig. 4.21  for the acrylic acid 
adduct  [109] . After curing, the ensuing materials produce high stability coats  [109]     . 

 On a different approach, poly(4-abietylmethylstyrene) was prepared in high yields by the reaction of poly
(4-chloromethylstyrene) with sodium abietate. Near-UV irradiation of this novel polymer induced its crosslinking 
by photodimerization through the conjugated double bonds of the abietate moieties  [110] , presumably by the for-
mation of dimeric structures similar to those described in  Fig. 4.15 . Abietic acid dimers were also used as diacids 
in the synthesis of polyamides by reaction with diamines [111] . 

 Rosin and its derivatives are frequently used as polymer additives in different capacities. Their role as plasticizers
is illustrated by recent work related to the paper coating for food packaging with a 3-hydroxybutirate/3-hydroxyvalerate
copolymer (PHB/V)  [112, 113] . The addition of tall oil rosin to the copolymer was found to improve its water 
vapour barrier properties as well as to reduce the pinhole density of the corresponding laminated papers. 
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 Figure 4.20        Synthesis of polyimides by Diels–Alder condensation of resin acid dimers with aromatic bismaleimides  [106] . 
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 In another vein, secondary amines prepared by the reductive amination of appropriate carbonyl compounds with 
methyl 12,14-dinitrodehydroabietate ( Fig. 4.22   ) gave promising results when used as stabilizers against thermal, pho-
tochemical and oxidative degradation of low-density polyethylene and ethylene–propylene elastomers  [114–116] . 
This active role is not surprising given the well-known fact that aromatic amines are excellent free radical traps. 

  4.4.5     Printing inks 

 Four distinct processes dominate the printing technology  [117] , namely (i) offset lithography, by far the most import-
ant, (ii) letterpress, (iii) fl exography and (iv) gravure. A description of the principles and peculiarities associated with 
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 Figure 4.21        Synthesis of epoxy resins from resin acid dimer adduct with acrylic acid.    
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each of them falls outside the scope of this chapter. In relation to their ink requirements, the major difference lies in 
the viscosity, which must be very high for the fi rst two processes (paste inks) and low for the other two (liquid inks). 
Interestingly, although the properties of rosin itself do not make it very viable as a component of any of these inks, 
several of its derivatives have been, and are being, extensively used in the manufacture of all four types of printing 
inks. The reader is invited to consult Burke ’ s chapter in the Naval Store book  [34]  for what is still the best available 
monograph on the use of rosin compounds in printing inks, even compared with the latest edition of the Printing 
Ink Manual  [117] . It provides a clear technical introduction to the relationship between printing processes and the 
requirement of the corresponding inks, a thorough description of the types and roles of the rosin derivatives in each 
family of inks and a detailed literature survey up to the mid-1980s. 

 Any ink (varnish) must be transferred from the printing surface to the substrate to be printed (varnished) while 
still in a fl uid state and thereafter it must dry through an appropriate physical or chemical process and turn into a 
solid fi lm. The fi lm-forming aptitude of an ink (varnish) is thus of paramount importance, as are the properties of 
the dried fi lm. In the search for an optimal resin composition (the fi lm precursor), these qualities represent there-
fore the fi rst priority, but the solutions are not universal, for they must comply with the nature of the printing pro-
cess. Since the only difference between an ink and a varnish is the presence of a suspended pigment in the former, 
the composition of the liquid phase is the same in both instances, for a given printing and drying process. 

 The most important rosin derivatives used in printing ink formulations are rosin oligomers and their esters, 
metal resinates, modifi ed phenolic and alkyd resins, ester gums, maleic and fumaric acid adducts and their esters. 
Practically all types of printing inks can be manufactured with rosin-based components, because they provide 
good miscibility and compatibility with most fi lm formers and other ink additives. 

 The following succinct account of the major utilizations of rosin derivatives in printing inks is aimed at giving 
a mere introduction to the art, which can be enriched by looking up the more comprehensive treatments already 
quoted  [34, 117] . In contrast with the applications related to adhesion and tack, which are thoroughly documented 
by the numerous studies discussed in the preceding section, research dealing with printing ink formulations is 
much more confi dential and the corresponding open documents are few and far between. It follows that the brief 
survey below is only based on general technical reports. 

 The high acid content of rosin and its oligomers may be lowered by reacting them with lime, calcium acetate 
or zinc oxide, or indeed a combination of these compounds. The ensuing metal resinates have high softening tem-
peratures and are therefore inclined to give brittle fi lms. When used in conjunction with a polymeric fi lm former, 
like cellulose esters, in gravure inks, good rub and abrasion resistance are achieved, together with a reduction in 
green tack. Their incorporation in lithographic inks provides good pigment wetting and prevents gelation during 
the storage of drying oil varnishes. 

 Of the numerous rosin-based esters used in printing inks, the simplest are those formed by the direct condensa-
tion reaction of rosin or its oligomers with glycerol and pentaerythritol at high temperature. They fi nd applications 
in letterpress and lithographic inks and are gaining use also in liquid ink compositions. The other ester family 
comprises the rosin adducts with maleic and fumaric acids and their esters. They are usually classifi ed according 
to their solubility in different organic media. The lower their acid values (free COOH groups), the higher their 
solubility in non-polar solvents and vice versa. They are widely used in printing inks; in particular, high acid-value 
maleics are incorporated into water- and moisture-set letterpress inks and into water-based fl exographic inks in 
conjunction with an amine or ammonia. Medium acid-value counterparts are added into alcohol-based gravure and 
fl exographic inks in combination with polyamides or cellulose derivatives. Hydrocarbon soluble resins (low acid 
value) have the advantage of possessing a very pale coloration and are employed as additives to letterpress and 
lithographic gloss inks, heatset inks and overprint varnishes. 

 The third large group of rosin-based materials that are widely used in printing ink formulations are rosin-modifi ed
phenolic resins ( e.g.   Figs 4.11 and 4.13 ) and their esters. With their variety of properties, depending on the actual 
chemical composition, they represent an important family of materials in printing ink technology. The variables 
that allow such a diversity of properties to be obtained are (i) the actual phenol homologue, (ii) the classical phenol 
(P)/formaldehyde (F) ratio, (iii) the relative amount of PF resin with respect to rosin, (iv) the use and amount of a 
dicarboxylic acid structural modifi er and (v) the fi nal esterifi cation (if any) in terms of both its extent and the type 
of polyol used. Typically, rosin is added to a PF prepolymer and the ensuing mixture is heated at 100–150°C in the 
presence of a basic catalyst. The temperature is then increased to  ~ 200°C to complete the mutual condensation. If 
a high acid functionality is desired, the resin is then treated with a dicarboxylic acid. Finally, polyols like glycerol 
and pentaerythritol can be used in a further step to esterify some or most of the resin free COOH groups, in order to 
achieve different properties. Rosin-modifi ed PF resins possess many specifi c properties, valuable in different printing
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ink types, as a function of their composition. They are compatible with alkyd resins and most modifi ers used in oil-
based inks and tend to give tough, glossy dry fi lms with good resistance. 

 A recent interesting addition to this realm is the use of rosin-based resins in the manufacture of the new gener-
ation of ink jet inks, the phase-change inks [118] .

  4.4.6     Miscellaneous applications 

 The controlled release of pharmaceuticals and agrochemicals is a highly active research topic because, on the one 
hand, it contributes to maintain for long periods the constant levels required for effective disease treatment or pest 
control and, on the other hand, it sharply reduces the administered doses, with the concomitant health, environ-
mental and economical benefi ts. Rosin and rosin esters ( e.g.  rosin and maleic rosin esters with glycerol, sorb-
itol, mannitol and pentaerythritol) have been investigated in the last couple of decades as coatings  [119–123]  and 
micro-encapsulating materials  [83–91]  for the controlled release of several pharmaceuticals, and as implant matrix 
for the delivery of drugs  [124] , given their established  in vitro  and  in vivo  degradation behaviour and biocompati-
bility  [125] . Although rosin and hydrogenated rosin fi lms tend to pose handling problems because of their brittle 
nature, this drawback can be easily overcome by adding adequate hydrophobic plasticizers (up to 20 per cent w/w),
such as tributil sebacate and tributil citrate  [125, 126] . 

 Recent studies also indicated that rosin nanoparticles can be effective for the encapsulation and delivery of 
drugs [127] . Rosin formulations have also been used in the controlled release of carbofurane nematicides, thus 
allowing the applied doses to be reduced by half and to increase signifi cantly their effectiveness and availability in 
the soil over longer periods of time  [128] . 

 Other applications of rosin derivatives and polymers include emulsifi ers for pharmaceuticals and cosmetics 
 [129, 130] , fl otation oils in the phosphate industry  [131]  and the formulation of polymer-concrete composites for 
the construction of temporary and semi-permanent military structures in arid zones [132] .

  4.5     CONCLUDING REMARKS 

 As in the case of other traditional renewable resources exploited by mankind since the inception of elementary 
technologies, for example, gelatin, soaps and vegetable oils, rosin and its derivatives suffered a decline in their util-
ization with the boom of petrochemistry in the second half of the last century. The renewed interest in these natural 
products is a growing reality because of the increasing awareness of the need to replace fossil resources with renew-
able counterparts. This inversion of tendency has already become visible in the case of rosin by the recent surge in 
publications devoted to the search both for more viable applications of known processes and commodities and for 
new materials with improved properties for razor-edge technologies. 
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